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Methods designed for incorporation into multiscale modeling polycrystals are presented in this work in two tasks. This work contains mesoscale methods for capturing
the effects of both the interactions of slip dislocations encountering twin grain boundaries
and the simultaneous growth of multiple twin grain volume fractions on mechanical hardening and texture evolution. These are implemented in a crystal plasticity framework using
the Los Alamos visco-plastic self consistent code, VPSC-7.
Presented here, the effects of simultaneous growth in multiple twin variants on textural
evolution is tracked using a Kalidindi-type twin volume transfer scheme. In Task 1, the implementation of this scheme in order to simulate the texture of Twinning Induced Plasticity
steels (TWIP) subjected to Equal Channel Angular Pressing (ECAP) are summarized.
In Task 2, the hardening effects of two types of interactions between slip dislocations
and encountered twin grain boundaries, namely dislocation transmutation and dissocia-

tion, are captured by way of modifying the dislocation density based hardening model of
[11]. Interactions of the frst type are presented in a constitutive relation calculating the
amount of dislocation density apportioned to a given slip system contained within the encountered twin volume fraction from each interacting slip system in the parent volume
fraction. The amount transmuted from each interacting slip system described using the
Correspondence Method, an onto mapping of slip systems in a parent grain to slip systems in considered twin grains. Interactions of the second type are then introduced into
this constitutive relation as a disassociation parameter, the value of which is established
by observations gleaned from the results of the molecular dynamics simulations of [8] and
[53]. These methods are implanted to simulate the anisotropic hardening behavior of HCP
magnesium under multiple load paths.

Key words: Twinning, Magnesium, TWIP, dislocation, crystal plasticity, VPSC, SPD,
ECAP
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CHAPTER I
INTRODUCTION

The advancement of scientifc, economic, and military competitiveness is driven by
continued technological development. Continued development of new technologies is
predicated upon the discovery and deployment of new material systems, designed to meet
contemporary and future engineering demands. Supported by the National Science Foundation through the auspices of Designing Materials to Revolutionize and Engineer our
Future (DMREF) program, the Materials Genome Initiative for Global Competitiveness
(MGI) aims to reduce the current development time for new material systems from a range
of 10 to 20 years from discovery to deployment, to 2 to 3 years [103, 107]. To this end, coordination and funding efforts have been focused on researching and developing accurate
computational material models implemented via well documented, open platform software
for general use in science and engineering. These models and their resulting simulation
will be stored in and accessed by way of a unifed materials database available to the community as part of the MGI [103].

1.1

Role of Computational Methods in the Materials Genome Initiative for Global
Competitiveness

1

Established in 2011, the MGI aims to dramatically reduce the time to take new material systems from the beginning of the discovery and design phases to the frst phase of
implementation by ffty percent or more. The success of the MGI is predicated on the
integration of three pillars of action; these pillars are the greater development and implentation of computational methods for simulating materials systems, newly updated, more
transparent and properly currated material data, and greater integration of physically based
methods for prototyping and design with available computational tools.
State of the art computational methods are based on multiscale approaches that consider the effect of various phenomena occuring across a variety of length scales on overall
mechanical behavior. In this approach, data gleaned from atomistic and molecular dynamics simulations are fed to models for material behavior at a microstructural level to inform
processes like texture evolution, dislocation movement and interaction, grain boundary migration, chemical processes like diffusion, and even void growth due to damage or fssion
reactions. This information is, in turn, used to calculate moduli for stress and strain relations at the continuum level to simulate bulk material behavior of a representative volume
element (RVE) of the considered material. RVEs can then be taken as the basis for component level simulations by implementing them as part of macroscale methods like Finite
Elemement Analysis (FEA), Finite Difference (FD) methods , or other general approaches.
Pairing the correct methods to describe a material at each length scale is of paramount importance.
At every length scale, these models rely on complete data sets for calibration, verifcation, and validation in order to accurately predict material behavior. In order to advance the
2

frst pillar of greater development of computational methods, the MGI seeks to establish
a standardization of practices for the sharing of predicitive algorithms and computational
methods and advance the capacity of researchers to exchange and currate material data
from physical experiments in order to better calibrate their models.

1.2

Twinning Polycrystals: TWIP Steel and Magnesium

Most plastic deformation in crystalline solids is achieved through crystallographic slip.
This process is facilitated by the glide of dislocations across corresponding crystallographic glide planes, and the number and nature of the dislocations present play an important role in plastic deformation. Dislocations may interact with both other dislocations
and grain boundaries of a polycrystal. Dislocations may repel, attract, or annihilate each
other upon contact, thereby affecting the development of stress in the solid. Additionally
they may either pass through or pile up at grain boundaries, and such behavior may inhibit
the plastic deformation of a polycrystal by what is known as the Hall-Petch phenomena
[45, 85].
In crystalline solids, mechanical twinning is the reorientation of portions of the crystal
lattice in order to accommodate strain. Shear strain results in a uniform reorientation of the
twinned region that produces a new lattice structure mirroring the original lattice across a
plane of shear, and dramatically alters the polycrystal texture of the solid [14].
These processes do not occur independent from one another, and so improvement of
the techniques used in predictive modeling for polycrystalline materials depends on a com3

prehensive understanding of the interactions between slip and twinning. In magnesium and
magnesium alloys, dislocations may interact with twin grain boundaries. In some cases,
dislocations may transmute across twin boundaries to harden the twin grain, and in other
cases they may dissociate into twinning disconnections that move twin boundary, thereby
increasing the volume fraction of the twin [53]. In other materials, such as TWinning Induced Plasticity (TWIP) steels, dislocations are thought to disassociate into disconnections
that pile up and harden twin boundaries in what is know as the Basinski effect [9]. The ability to effectively and accurately bridge the gaps between the behavior at the atomistic scale
of dislocations to the single crystal level, and from the single crystal level to a polycrystal
continuous medium is what will determine the limits of understanding of polycrystalline
material behavior.

1.2.1

Twinning Induced Plasticity Steel

TWIP steels are a class austenitic steels characterized by low stacking fault energy
(SFE) and high mangenese content, both of which contribute to a relatively high incidence
of mechanical twinning. In more commonly encoutered strain regimes, total twin volume
fraction can be as high as 20% of the overall volume, and the twin volume fraction can
grow to be nearly 80% in the strain regimes encountered in severe plastic deformation
[102]. The formation of twins in the microstructure of TWIP steels is associated with high
work hardening rate which leads them to exhibit high strength and ductility with observed
yield stress of approximately 1000 MPa and an elongation at failure of approximately 60%
under tensile loading [5].
4

TEM and EBSD imaging of Fe-Mn-C TWIP steel subjected to up to 50% tensile strain
has shown the nucleation of bundles or stacks of fat twin grains inside TWIP steel parent
grains. Twin grain thickness is typically observed to be between 10 nm and 40 nm [2, 5,
17]. Experiments in TWIP steel during up to four equal channel angular extrusion (ECAE)
passes observed similar twin structures even in shear strains of up to 1000% [42]. This
suggests that the growth of overall twin volume fraction is motivated by the nucleation of
new twin grains rather than the growth of existing twins.
The signifcant variation of lattice orientation of the parent grain in the neighborhood
of twin boundaries not reported in the interior of twin grains suggest dislocation pileup at twin boundaries [5, 17]. Consequently, twin grains are considered to be relatively
rigid compared to their surrounding parent volumes, and are typically considered to be
between 2 and 10 times harder in material simulations [24]. That their boundaries are
considered to act as barriers to dislocation movement demonstrates that much of the work
hardening behavior in TWIP steel can be attributed to Hall-Petch mechanisms[102, 2, 5,
17]. Given this and the unique nature of nucleation dominated twin growth in TWIP steels,
the geometry of the twin grains plays and important role in its mechanical behavior.

1.2.2

Magnesium

Magnesium is a hexagonal close-packed crystalline material whose microstructural
evolution under deformation is characterized by a high incidence of twinning. In some
cases, twin volume fraction approaches 80%-100% of overall volume fraction at as little
as 10% strain. Its lightweight and owing to its low density has made magnesium and its
5

alloys materials of particular interest in the search for improved materials for component
design. Even so, magnesium is prone to brittle failure, limiting its use.
Although both the <1 0 1̄ 2> tensile twinning mode and <1 0 1̄ 1> compressive
twinning mode exist in magnesium, tensile twinning is observed to be highly favored in
the formation of twin volume fraction. In both cases, the presence of both twin modes are
associated with the formation of cracks. In the case of tensile twins, voids are observed at
points of intersections between twin planes. In the case of compressive twins cracks are
observed to form along twin boundaries. For this reason, any understanding of the broader
behavior of magnesium is predicated on understanding the behavior of the material along
twin grain boundaries.
Given the amount of twinning observed in magnesium, much of the simulation work
performed on it assumed that Hall-Petch effects would provide siginifcant contributions
to its hardening evolution. The molecular dynamics simulations of Barrett and El Kadiri
[8, 53] observed basal slip dislocations encountering tensile twin boundaries exhibiting
behaviors different from the Hall-Petch type interactions seen in twin boundary/dislocation
interaction in TWIP steels. In these simulations, screw type dislocations were seen to
dissociate when encountering twin boundaries rather than build up as would be the case
with Hall-Petch effects. Edge type dislocations exhibited differing behaviors depending on
their orientation relative to the twin grain boundary itself. In some cases, they dissociated
at the twin grain boundary while emitting twinning disconnections that contribute to twin
boundary migration. In other cases, edge dislocations in the parent grain volume were
seen to effectively transmute across twin grain boundaries, generating similar dislocations
6

on different crystalographic planes inside the twin volume [8]. The variety of types of
observed slip/twin interactions suggests that phenomena outside of Hall-Petch mechanisms
may have a profound effect on the material behavior of magnesium

1.3

Simulation Methods for Polycrystals: An Overview

As research in materials science continues, computational modeling and simulation
will play an increasing role in reducing the development cycle of new material systems. A
variety of crystal plasticity based approaches have been developed for both single crystal
simulations and simulations designed to capture the interaction of polycrystal materials.
These approaches primarily differ in the way that they treat the problem of relating the
behavior of grains with a single crystal orientation to the behavior of the entire polycrystal
aggregate.
The Self Consistent methods utilize micromechanics to approximate the behavior of
each grain relative to an averaged polycrystal by treating as an inclusion problem. The
stress and strain concentration tensors for each grain may be calculated and an effective
polycrystal modulus can be found for each strain increment in this way. The limitations of
this method are that grain geometry must be approximated in the course of micromechanical formulation. Therefore, great care must be taken in order to insure physical admissibility of obtained results.
Finite Element Crystal Plasticity (FECP) directly models the stress and strain felds
of polycrystals by recreating the polycrystal geometry directly. This method uses fnite
7

element meshes of suffcient resolution to allow for greater precision in capturing the geometry of the polycrystal contained in a representative volume element. Computational
costs, however, limit the number of grains and the complexity of their geometry. This represents the primary limitation of this method. More recently, a method of using fast Fourier
transforms (FFT) has been used to solve for the averaged stress and strain felds within a
representative volume element (RVE). While this method has yielded gains in speed, it is
limited in its applicability to polycrystals with a periodic structure.
Taking all of these methods into consideration, it is apparent that the continued development of multi-scale modeling approaches that capture the effects of lower length scale
behaviors on continuum level behavior will pave the way for a greater understanding of the
complex interactions at work in these materials and aid in the development of new designs
based there on.

1.4

Research Goals and Project Overview

The aim of this work is to examine the roles played by twinning driven textural development and dislocation interactions with twin grain boundaries in the continuum level
mechanical behavior of polycrystal magnesium and TWIP steels. This examination is to
be carried about by the development and utilization of a new, multi-scale, crystal plasticity based modeling scheme to be implemented in a modifed VPSC micro-mechanical
framework. This is done with the intent to answer the following research questions:
1. To what extent does the simultaneous inclusion of the contributions of multiple twin
systems to textural evolution affect the ability to simulate and predict texture evo8

lution in twinning polycrystals? Can these methods be used to supplement current
approaches utilizing twin variant selection?
2. Does dislocation transmutation motivate hardening behavior in heavily twinning materials? If so, to what extent? Is there suffcient evidence to suspect that twin grain
hardness due to transmutation effects acts as the primary driver of polycrystal materials in which it occurs or does it supplement Hall-Petch driven hardening?
3. What steps might be employed that reduce the reliance on empirically based methods
used to “ft” modeling data to pre-existing data?

1.4.1

Research Design

While previous works have made great strides in modeling and simulating of the mechanical behavior of polycrystal metals, there are still signifcant tasks that remain. In
order to advance the goals of this work, two shortfalls are addressed:
1. The current spread of twin growth schemes do not currently include physically based
schemes of suffcient generality to be applied to the range of twin morphologies
seen in both TWIP steels and magnesium and magnesium alloys while capturing the
associated textural developments.
2. A truly multiscale treatment of polycrystal deformation should be able to recreate
the stress and strain responses of each material while including physically motivated
descriptions of the behavior at the scales of both grains and dislocations. To do this,
twin growth needs to be coupled with the processes found at the dislocation scale in
a physically meaningful sense. The list of dislocation scale processes should include
dislocation interactions with grain boundaries, both in terms of transmutation and
dissociation into twinning disconnections. To date, such a scheme treatment does
not exist.

These three shortfalls represent the direction of effort of the work proposed herein.
In turn, the proposed work may be subdivided into three distinct tasks in order to better
address the aforementioned shortfalls in modeling and simulation technology. These are
1. In order to inject more phenomenological motivation into the method of simulating
twin volume growth, the volume transfer scheme of [36] will be modifed to include
twin volume growth attenuation as a function of each twin grain’s deviation from
it’s ideal orientation relative to its parent, and implemented in the code of VPSC-7d.
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This model for twinning will be tested on TWIP steels deformed by ECAP before
being applied to pure magnesium.
2. In order to capture the interaction of dislocations with twin grain boundaries, the
dislocation transmutation scheme of [55] will be adapted and implemented in VPSC
and applied to pure magnesium.
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CHAPTER II
LITERATURE REVIEW

Broadly speaking, the aim of this work is to provide a novel approach to modeling the
behavior of twinning polycrystals that is both comprehensive and physically motivated.
What follows in this chapter is a summary of previous approaches developed to capture
the effects of twinning on the polycrystal evolution under mechanical loading. This review
is organized frst by topic and therein by loose chronological order of development. In
an effort to establish and exhaustive theoretical base for the dissertation tasks outlined in
the previous chapter, the topics of contextual material characteristics of TWIP steels and
magnesium, general single and polycrystal modeling, fundamental concepts of twinning,
and modeling approaches for textural evolution and mechanical hardening are reviewed.

2.1

Approaches to Modeling Polycrystals
The modeling of polycrystalline material is complex to say the least, giving due con-

sideration to both intra and inter grain interactions. As a result, a number of methods have
been developed, each with its own set of simplifying assumptions postulated in attempts
to make the interwoven set of phenoma observed in polycrystal deformation more feasibly
simulated. The basis for these approaches lie in the kinematic and kinetic treatments of
single, and subsequently, polycrystalline slip.
11

2.1.1

Crystal Plasticity Framework for Single Crystals

Bridging the gap between continuum and crystal scale is done primarily through the
auspices of the modern crystal plasticity mathematical framework. Crystal plasticity for
polycrystal modelling and simulation is built on the foundation of single crystal plasticity,
where a monocrystal representative volume element that deforms solely by slip is considered. Beginning with this foundation and considering deformation accomodated by the
shear glide of a single slip system, the Schmid orientation tensor for single crystal lattice
is calculated as
m = bn

(2.1a)

mij = bi nj

(2.1b)

Here, the vectors b and n are the Burger’s vector and the vector normal to the plane
of slip. Using the Schmid tensor, the velocity gradiant may be composed from the shear
strain rate of of the considered slip system as

Lij = mij γ̇

(2.2)

For the case of the deformation of a single crystal with multiple slip systems s, the total
strain rate for the crystal can be described as the summation of shear deformation on each
system as
˙ij =

N
X
1�
s=1

2

 s
s
msij + mji
γ̇

(2.3)

Given an imposed velocity gradiant at the level of the RVE, the individual contributions
remain unknown without additional constraints. The various crystal plasticity constraints
12

all begin with the representation of the 2nd order strain rate tensor as a fve element vector
through the relation
˙ = (˙1 , ˙2 , ˙3 , ˙4 , ˙5 ) =

!
√
√
√
√
(˙22 − ˙11 ) ˙33 3
√
, √ , ˙23 2, ˙31 2, ˙12 2 .
2
2

(2.4)

Similarly, the Schmid tensor component for each slip system may be transformed into a
¯ s by
fve element vector m
¯s =
m

!
√
s
s
(ms22 − ms11 ) m33
3 (ms23 + ms32 ) (m31
+ ms13 ) (ms12 + ms21 )
√
√
√
√
, √ ,
,
,
.
2
2
2
2
2

(2.5)

Therefore the total strain on a polyslip system may be expressed, in this new vector form,
as
˙i =

N
X

m̄si γ˙s .

(2.6)

s=1

This transformation represents a system of fve equations, thereby necissitating fve slip
systems in order constrain the resulting system of equations suffciently to reach a solution.
However, the number of potential active slip systems exceeds this number considerably, as
there are well over 300 unique combinations slip systems to choose from. Consequently, a
number of methods for properly constraining the set of equations have been proposed. The
works of Taylor, Schmid, and Bishop and Hill all produced methods for ascertaining the
number of active slip systems in a deforming RVE. [88, 98, 29, 15] It is, though, the Self
Consistent methods which are of greatest interest for the purposes of the proposed work.
The Taylor criterion simply selects the 5 systems for which the summation of slip is
minimized. This, however, assumes the existence of a unique minimum set for a given
load condition, which is not always the case. This leads to ambiguity in the selection
criteria in cases where multiple slip system sets with identical slip sums exist [98]. The
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Schmid criterion uses a yield surface based on the critical resovled shear stress (CRSS) in
deviatoric stress space to select the slip systems used to constrain system of equations. The
yield surface is described in vectorized form by:
¯·m
¯ si − τcrit = 0,
τ (s) = S

(2.7)

where S̄ is the 5 dimensional vector representation of the deviatoric stress tensor and τcrit is
the critical resolved shear stress. The yield surface, then, is a coomposition of hyperplanes
defned by slip systems in the deviatoric stress space. From this defnition two kinds of
ambiguities arise. In the case of single slip, multiple values of τ (s) exist at a point on a
plane of the yield surface, each associated with the strain rate normal to the plane. As
such, the stress state is not unique. At a point of intersection of two planes on the yield
surface, only one such τ (s) exists, but the normality condition for fow is satisfed within
a cone bounded by the normal vectors of the two intersecting planes. Consequently, the
strain rate normal vector is not unique in this case.
The Bishop-Hill criterion address the ambiguities of the Schmid criterion by introducing a maximum work principle, where the stress states at the set of vertices defned by the
intersection of hyperplanes are each calculated. These stress states are then used to calculate work on the slip systems at each of these vertices, the maximum of which are selected
for activation. Although this method is useful for reducing the amount of potential active
slip systems, it still does not address the strain rate ambiguity left from the defnition of
yield in the Schmid criterion [15].
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A viscoplastic approach can applied to the crystal plasticity framework. In this approach, the strain rate sensivity m for a fxed value  is calculated as:
d ln σ
.
d ln ˙

m=

(2.8)

This rate sensitivity parameter is applied to the kinetic equation for a given slip system s
to calculate the resolved shear stress as:
τrs = τ0s ·

γ˙ rs γ˙ rs m−1
·|
|
,
γ˙ 0s γ˙ 0s

noting that in order to preserve directionality of shear, the product
situted for |

(2.9)
γ˙ rs
γ˙ rs m−1
·
|
|
is subγ˙ 0s
γ˙ 0s

γ˙ rs m
| . Solving for the rate of shear γ̇rs and subsituting the projection of the
γ˙ 0s

stress tensor onto the Schmid metric tensor for τrs yields the Hutchinson Strain Rate Law
for a single slip system:
γ˙ rs = γ0s ·
where n =

¯
¯
S¯ · M
S¯ · M
·
|
|n
τ0s
τ0s

(2.10)

1
−1. This can be summed across multiple slip systems to calcuate total strain
m

rate across a single crystal as:
˙i =

γr0

N
X

Mis ·

s=1

¯
¯
S¯ · M
S¯ · M
·
|
|n
τ0s
τ0s

(2.11)

In vectorized form, this may be expressed as:
˙ =

N
X

m̄si γ˙s .

(2.12)

s=1

As slip rates can be calculated from the rate sensitivity parameter and reference shear
rate, the only unknown is the deviatoric stress applied, leading to a fnal system of fve
equations and fve unknowns.
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2.1.2

Approaches to the Modeling of Polycrystals

Extrapolating the behavior of polycrystalline materials from the behavior of their single
crystal counterparts is no mean feat, and a variety of approaches have been developed in
order to address this issue. These approaches primarily differ in the number and type of
simplifying assumptions they make in order to capture specifc intergranular phenomena,
and how these assumptions dictate the type of numerical methods that might be applied,
thereby relating the behavior of grains with a single crystal orientation to the behavior of
the entire polycrystal aggregate.
Finite Element Crystal Plasticity (FECP) directly models the stress and strain felds
of polycrystals by recreating the polycrystal geometry directly. This method uses fnite
element meshes of suffcient resolution to allow for greater precision in capturing the geometry of the polycrystal contained in a representative volume element. Computational
costs, however, limit the number of grains and the complexity of their geometry. This represents the primary limitation of this method. More recently, a method of using fast Fourier
transforms (FFT) has been used to solve for the averaged stress and strain felds within a
representative volume element (RVE).
The Self-Consistent (SC) methods utilize micromechanics to approximate the behavior
of each grain relative to an averaged polycrystal by treating as an inclusion problem. The
limitations of this method are that grain geometry must be approximated in the course
of micromechanical formulation. Therefore, great care must be taken in order to insure
physical admissibility of obtained results.
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Alone, the crystal plasticity framework is insuffcient to describe the behavior of polycrystalline materials. This was the primary motivation for the development of Self Consistent Methods. These models were later adapted to include new loading paths in the work of
[15]. The treatment of polycrystals changed with the development of micromechanics, introduced by [30] in 1957. Micromechanics utilizes the concept of eigenstrains to construct
schemes for the homogenization of mechanical behavior of materials with geometrically
complex microstructures. The work of [30] led to the development of the homogenization
of elastic polycrystal behavior.
These homogenization techniques were adapted for the simulation of nonlinear mechanical behavior in the works of [21] and [58], and later, the affne linearization approach
was developed by [46] as a series of arbitrarily small linear deformation steps meant to
approximate nonlinear behavior. Secant and tangent linearizations were later developed in
the works of [10] and [76], respectively.
In 1993, the work of [63] adapted the tangent formulation from [76] for the simulation
of fully anisotropic materials, including HCP materials. This formed the basis for their
Viscoplastic Self-Consistent (VPSC) method and its corresponding code. In this method,
the homogeneous polycrystal medium was not assumed to be isotropic, contrasting with
other contemporaneous self consistent codes [77]. This approach was expanded by [67]
and again in 2000, in the work of [73], to include a generalized affne linearization scheme.
The most contemporary form of the VPSC method and code was fnally developed in the
works of [66].
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Beginning by considering the classic inclusion problem of micromechanics, the selfconsistent approach of VPSC-7 [101] follows by frst defning the linearized stress and
strain relationship for a given grain r as
0(r)

r
r
σkl
+ ij .
rij (x̄) = Mijkl

(2.13)

Here, M r and 0(r) are the viscoplastic compliance tensor and back extrapolated strain for
grain r. An analogous relationship between stress and strain of the polycrystal aggregate
at the macrolevel is assumed as well, with
¯ ijkl Σkl + Eij0
Eij = M

(2.14)

In the self-consistent approach, the macrolevel values are assumed to be known a priori. These values, however, must still be adjusted self-consistently in accordance with
grain level values. In order to do this, the grain level equation needs to be formulated in
terms of the macroscopic values and solved. The method for rewriting local grain behavior
in terms of macroscopic quantities through the use of an eigenstrain formulation shown in
the text of Mura [79] is adopted in VPSC-7 leading to
r
(x̄) + Eij0 + ∗ij (x̄)
rij (x̄) = M̄ijkl σkl

(2.15)

The term ∗ in Equation 2.15 is the eigenstrain experienced by the grain resulting from
accommodation effects. Letting e
 represent strain fuctuations from macroscopic values
inside the grain r, the fuctuations of stress, σ
e, can be computed by combining Equations
2.14 and 2.15 as
kl (x̄) − ∗ij (x̄)).
σ
eij (x̄) = L̄ijkl (e
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(2.16)

Here, the macroscopic stiffness tensor, L̄ = M̄ −1 .
In order to arrive at the fnal form of the inclusion problem, the compatibility and
incompressibility conditions are invoked. Denoting the Cauchy stress tensor and the mean
em , respectively, these conditions are
stress as σ
ec and σ
c
(x̄) = σ
eij,j (¯
x) + σ
e,jm (x̄),
σ
eij,j

(2.17)

1
e
ij = (u
ei,j (x̄) + u
ej,i (x̄)).
2

(2.18)

and

With some manipulation, the conditions expressed in Equations 2.17 and 2.18 can be
utilised with Equation 2.16 to yield the fnal inclusion problem,
ek,lj (x̄) + σ
e,im (x̄) + fi (x̄) = 0,
L̄ijkl u

(2.19a)

u
ek,k (x̄) = 0.

(2.19b)

The term f (x̄) represents the fctitious force associated with the heterogeniety of the inclusion and can be expressed in terms of the eigenstrains as
¯ ijkl ∗ (x̄) = σ ∗ (¯
fi (x̄) = −L
ij,j x).
kl,j

(2.20)

The problem in Equations 2.19a and 2.19b is solved using the Green function method
in VPSC-7. In this method the solution is obtained by solving an auxiliary problem

L̄ijkl Gkm,lj (x̄) + Hm,i (x̄) + δim δ(x̄) = 0,

(2.21a)

Gkm,k (x̄) = 0.

(2.21b)
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Here, δ and δ(x̄) are the Dirac and Kronecker deltas, repectively. The functions, G and H,
are the Green functions associated with u
e and σ
em by the convolution integrals
Z
u
ek (x̄) =

Gki (x̄ − x̄0 )fi (x̄0 )d¯
x0 ,

(2.22a)

Hi (x̄ − x̄0 )fi (x̄0 )d¯
x0 .

(2.22b)

R3

Z

m

σ
e (x̄) =

R3

Applying the Fourier transform method from [65] the velocity deviator for the considered grain can be calculated as
¯ ijmn ∗r
x) = Tklij L
u
erk,l (¯
mn ,

(2.23)

where the Green interaction tensor, T , is
Tklij

abc
=
4π

2π

Z
0

π

Z
0

1
αj αl A−
ki (ᾱ)
sinθdθdφ
[ρ(ᾱ)]3

(2.24)

In Equation 2.24, θ and φ are the spherical coordinates of the Fourier unit vector ᾱ and the
quantities a, b, and c are the ellipsoidal axis of the grain. The quantity A is
¯
Aik = αj αl Lijkl,

(2.25)

ρ(ᾱ) = [(aα1 )2 + (bα2 )2 + (cα3 )2 ]1/2

(2.26)

and the function ρ is

The symmetric and skew-symmetric Eshelby tensors, S and Π can then be constructed
from T as
1
Sijkl = (Tijmn + Tjimn + Tijnm + Tjinm )L̄mnkl
4

(2.27a)

1
Πijkl = (Tijmn − Tjimn + Tijnm − Tjinm )L̄mnkl .
4
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(2.27b)

and

The symmetric Eshelby tensor can then be used to compute strain-rate deviations inside of
grain r by
e
rij = Sijkl ∗r
kl ,

(2.28)

ω
e = Πijkl ∗klr .

(2.29)

and the rotation-rate deviations by

Revisiting Equation 2.16 the relation between stress and strain rate fuctuations inside of
grain r can then be stated as
r
fijkl σ
e
ekl
,
rij = −M

(2.30)

f
¯
Mijkl
= (I − S)−1
ijmn Smnpq Mpqkl .

(2.31)

where M is

Letting the localization tensors B r and br be defned as
r
f)−1 (M
¯ +M
f)nmkl
= (M r + M
Bijkl
ijmn

(2.32a)

f)−1 (E 0 − 0r ),
brij = (M r + M
kl
kl
ijmn

(2.32b)

and

the stress and strain felds inside grain r can be calculated as functions of macrolevel stress
and strain by
r
Σkl + brij
σijr = Bijkl

(2.33)

r
r
r
r
0r
Bklmn
Σmn + Mijkl
bkl
+ ij
.
rij = Mijkl

(2.34)

and
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Finally, by defning macroscopic strain as the weighted average of the strain on all
grains r, the fnal polycrystal stress and strain relationship can be self-consistently adjusted
as
r
r
0
r
r
r −1
: hbr i.
Eij = hrij i = (hM r : B r i : 6 B r i)−1
ijkl Σkl + h(M : b )ij + ij i − hM : B i : hB i

(2.35)

2.2

Twinning Polycrystals

It is understood that plastic deformation of crystalline solids is often the product of the
slip of crystallographic planes across a plane of shear. However, many materials exhibit
methods of accommodating such deformation beyond slip. One of these methods is mechanical twinning. Put succintly, mechanical twinning is the reorientation of portions of
existing grains, commonly referred to as parent or mother grains, into new orientations,
referred to as twin or child grains, defned by a specifc angle of misorientation relative to
their parent grains that results in a volume preserving homogeneous shear. This reorientation is differentiated from the rigid body rotation observed at the grain level in that rather
than simply rotating existing grains into new orientations, twinning results in the formation
of entirely new twin grains inside of parent grains. Additionally, multiple twin grains can
and often do nucleate and grown inside of a single parent. Consequently, twinning is intimately tied to both the textural and hardening evolution as twinning generates new lattice
orientations and twin boundaries can act as barriers to slip dislocation motion.
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2.2.1

Kinematic Overview: Correspondence Method

Originally presented in the 1965 work of Bilby [14], the kinematics of twinning are frequently described in terms of a plane of shear, S, a twin or composition plane K1 containing
the vector η1 , and the conjugate planes and vectors K2 containing η2 for the untwinned lattice that moves to K02 containing η20 in the new twin lattice.

Figure 2.1: Spherical grain element deformed by mechanical twinning presented on the
plane of shear S.

In the works of Niewczas, this lattice reorientation is described mathematically for Type
I mechanical twinning [80, 81]. This was done by frst defning a deformation gradient S

23

(not to be confused with the plane of shear from above) composed of a magnitude of twin
shear s, a direction of twinning m, and the normal to the twin plane n by:
⎤
⎡
sm1 n2
sm1 n3 ⎥
⎢1 + sm1 n1
⎥
⎢
⎥
⎢
⎥
S=⎢
sm
n
1
+
sm
n
sm
n
⎢
2 1
2 2
2 3 ⎥
⎥
⎢
⎦
⎣
sm3 n1
sm3 n2
1 + sm3 n3

(2.36)

This deformation gradient may be applied to any vector uM described in the orthogonal
basis of the parent lattice into a corresponding twinned vector vM in the same parent basis
as
vM = SuM

(2.37)

In order to express the twinned vector vM in an orthogonal basis representing the
twinned lattice, the twin transformation matrix X and rotation about the normal to the
twin plane R are introduced as
⎡

⎤

m2
m3
m1
⎥
⎢
⎥
⎢
⎥
⎢
⎥
X=⎢
⎢m3 n2 − m2 n3 m1 n3 − m3 n1 m2 n1 − m1 n2 ⎥
⎥
⎢
⎦
⎣
n1
n2
n3
and

⎡

(2.38)

⎤

⎢−1 0 0⎥
⎢
⎥
⎢
⎥
⎥
R=⎢
⎢ 0 −1 0⎥ ,
⎢
⎥
⎣
⎦
0
0 1

(2.39)

respectively. Taking U = X−1 RX, then any parent lattice vector uM transformed into the
twin lattice vector vT can be related by
vT = USuM .
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(2.40)

In this way, vectors defning the direction and plane of slip in parent grain slip systems can
be transformed into their corresponding slip systems inside twinned volume fractions.

2.2.2

Twin Grain Boundary Interactions

The complexity of deformation processes in polycrystal materials is predicated on a
number of phenomena. Even when considering only slip, the number of ways in which slip
dislocations behave in polycrystals is substantial. Dislocations may initiate and annihilate
in response to mechanical and thermal loading, or as a response to interactions between
other dislocations. Grain boundaries may migrate with annealing, or facilite sliding of
grains past each other. In both cases, dislocations may pile up at grain boundaries resulting
in increased hardening refered to as the Hall-Petch mechanism, or may initiate cross-slip,
thereby bypassing the grain boundaries. When twinning is considered, the complexity of
dislocation interactions and their effects on the mechanical behavior of polycrystal materials can be staggering.
Slip dislocations encountering twin grain boundaries have been observed in experiments and simulations to behave in a number of ways. Molecular dynamics simulations of
FCC materials have shown that dislocations may transmute across twin boundaries or they
may dissociate or be incorporated into the boundary itself. In other cases they may pile
up in a manner consistent with Hall-Petch behavior, and in other cases they may even be
emitted on the opposing side of the twin boundary as multiple slip dislocations [31]. Experimentally, dislocations in FFC copper-aluminum alloys have been observed to crossover
into advancing twin volume fractions. In this case, dislocations encountering twin grain
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boundaries were posited to pile-up at said boundaries. As the twin grain boundary advanced in order to facilitate twin volume growth, these dislocations were overtaken and
became sessile dislocations inside the twin volume fraction [9] These fnding contrast with
the observed behavior of TWIP steels, in which dislocations are seen simple to pile up at
twin grain boundaries, thus demonstrating the wide spectrum of behavior even in materials
with the same crystal structure [38].
Currently, debate exists regarding the nature of the dislocation-twin grain boundary
interactions taking place in deforming magnesium. While nano-indentation studies of
twinned magnesium showed no evidence of an increased dislocation density inside of
twin volume fraction that would be indicative of dislocation transmutation or Basinski
mechanism at work, the observed“gulf” between saturation stress levels of magnesium under different load paths suggests that more hardening mechanisms than simple mechanical
anisotropy are at work [48] This has supported the assumption that the evolution of hardening in heavily twinning magnesium is motivated primarily by Hall-Petch effects, with slip
dislocations building up at twin grain boundaries [11]. Counter to this assumption, VPSC
simulations of rolled magnesium using a twinned storage factor to empirically account for
the effects of increased dislocation density inside twin volume fractions were able to successfully recreate the hardening evolution of the material across multiple load paths [55].
The suggestion that dislocation density inside the twinned volume fraction was further supported by molecular dynamics simulations, in which basal dislocations were observed to
both transmute across and dissociate to aid the migration of tensile twin boundaries [8, 53].
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2.2.3

TWinning Induced Plasticity Steels

Discovered in 1888 by Sir Robert Hadfeld, TWIP steels are a type of austenetic FFC
steel whose general mechanical behavior combines high yield strength with high elongation (ductility) properties relative to other steels. These traits make TWIP steels highly
desirable for implementation in vehicle design and extensive efforts to characterize the
material behavior of TWIP steels across a broad range of temperatures, strain rates, and
across a spectrum of compositions have been made in the past two decades. Ultimate
strength at failure has been observed in the range of 650-1000 MPa with an elongation at
failure ranging from 60%-92% [32, 5].

Figure 2.2: The mechanical behaviors of TWIP steels are typically described as operating
in a “utopia” region of strength and ductility [108].

The characteristic hardness and ductility of TWIP steels is associated with the incidence of twin nucleation, and is observed to occur preferentially in areas of high deformation. These twin grains exhibit a distinct morphology, which led them to be mischaracter27

ized as shear banding in early studies [2]. Twin grains in TWIP steels nucleate as stacks or
bundles of thin twin lamellae. These lamellae are typically observed to be between 30nm
and 50nm in thickness [38]
The low observed SFE of TWIP steels is tied primarily to the weighted fraction of Mn
content and it is this low SFE of TWIP steels that is associated with plasticity facilitated by
both the nucleation of twin volume fractions and martensitic phase transformation in both
TWIP and transformation induced plasticity (TRIP) steels, respectively. Other alloyed
elements like carbon, silicon, and aluminum have also been observed to play a role in
nucleation of twins in TWIP steels, ultimately having an effect on both mechanical strength
at failure and elongation [17, 32, 5, 20].
In some studies twin volume fraction has been observed to plateau at approximately
12% of the total volume fraction, even at the large strains seen in severe plastic deformation
(SPD) processes [90]. This however has been disputed in other works, where twin volume
fractions as high 15% have been observed at strains as low as 0.4. This may be due to
the fact that experimental methods for consistenlty and accurately assessing the volume
fraction of the micro twins of TWIP steel have yet to be fully realized [17]. Alternately,
parent grain size may explain discrepancies in observed twin volume fractions, as grain
boundaries have been shown to discourage the nucelation of new twin lamellae, with new
twin grains exhibiting a tendancy to form in parent grains of 5 µm diameter or larger [5].
Dislocation pile-up has been observed at the boundaries of these micro-twins and observed
slip inside twin volume fractions is relatively scant, consistent with the higher hardness
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observed in the twin volume fractions [38]. Consequently, the twin grains are considered
quite rigid compared to their parents [24, 95].

2.2.4

Magnesium

Characterized by its light weight, HCP magnesium has been the subject of a resurgence
in interest in ongoing efforts to expand its engineering applications. The efforts have been
thus far limited by magnesium’s poor mechanical performance and low formability relative
to other engineering materials [1]. Magnesium exhibits a tendency towards brittle behavior, associated with the presence of high twin volume fractions. Although magnesium’s
mechanical behavior is highly anisotropic owing to it’s crystal structure, observed strength
and elongation at failure is typically less than 240 MPa and 20%, respectively [51, 83].

Figure 2.3: EBSD images of twinning magnesium grain from [54] at 2.8%, 3.8%, 6.0%,
and 8.0% strain, from left to right.
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Magnesium and its alloys possess an HCP crystal structure which gives them an anisotropic
behavior at the monocrystal level, resulting in a high load path and texture dependence seen
in the mechanical behavior of polycrystal magnesium [82, 13, 22, 47, 28, 26]. The mechanical behavior of magnesium is further complicated by the fact that, for many combinations
of texture and loading, slip alone is not suffcient to accommodate deformation, resulting
in a high incidence of mechanical twinning. Nucleating primarily along grain boundaries,
h1 0 1 2i tensile twins have been observed to quickly overtake most of the volume parnet
volume fraction, reaching as high as 70% to 90% by strains of 0.2 in specifc loading paths
[82, 12] Additionally, secondary compressive h1 1 2 2i twins have been observed as primary twinning reorients crystal lattices into orientations favorable to such behavior [72, 6]
Because twinning in magnesium has been associated with brittle failure a great deal of
effort has been put into developing an understanding of the complex interplay between
twinning and magnesium’s macroscopic mechanical behavior [84, 59, 7].

2.3

Modeling Twin Volume Growth

The symmetry of crystalline material microstructure, or the lack thereof, defnes the
planes on which slip and twinning may occur within said microstructure. Consequently,
the texture of a given polycrystalline material, that is the measure uniformity of the crystal
orientation of each grain in the material, plays an important role in its mechanical behavior. In simulating this behavior it is critical to accurately account for the evolution of a
material’s texture during deformation. In calculating the stress and strain felds at each
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deformation step with self consistent methods, the antisymmetric spin of each grain is
calculated. This represents the rotation of each grain brought on as a result of continued
deformation. However, this alone is not suffcient for predicting changes in texture within
a polycrystal.
Mechanical twinning as a mechanism for accommodating strain that is otherwise unable to be accommodated by slip represents a signifcant driving force in the evolution of
texture during deformation. As such, any successful simulation of mechanical behavior in
materials that experience this phenomenon is predicated on its ability to accurately model
the quantity and type of twins expressed therein.
The pioneering efforts of [49] utilized a statistically based criteria for the selection of
whole grain orientations for reorientation during deformation. While useful in predicting
resulting textures, the empirical nature of this method was incapable of shedding light on
the connections between deformation and twin phenomena. Additionally, as whole grains
are reoriented to match that of the statistically selected twin system, only the effects of
one twin system per grain can be simulated. The later works of [64] explored this link by
coupling the growth of twin volume fraction for each twin system with its corresponding
strain. In this method, the twin system which frst accumulates a predetermined value of
twin volume fraction is designated the “Predominate Twin System” (PTS) and the whole
grain orientation is rotated to match the orientation of this twin system. In doing this, the
PTR inherits one of the limitations of the Van Houte method in which only the effects of
the PTS are shown in the resulting texture data.
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The Volume Fraction Transfer (VFT) method was able to include the effects of multiple twin systems on texture by the use of a weighted orientation space. In this method,
this space is partitioned into orientation subdomains whose volume is proportional to the
volume fraction of their corresponding twin system. Deformation by slip is represented
in this space by translation vectors applied to the partitions. In this case, the resulting
intersection of overlapping sub-domains represents textural changes brought on by deformation by slip. Deformation by twinning is handled in a more straightforward manner
where change in twin volume fraction for each system calculated as a function of strain is
simply transferred to the appropriate twin orientation partition. While this method was successful in tracking the textural evolution that resulted from multiple active twin systems,
it was considered too computationally expensive to be used in polycrystal simulations. As
the computational power available to researchers has grown, the VFT method has become
progressively more viable.
Similar approaches have been developed that utilize the concept of volume fraction
transfer between pre-existing orientations. The works of [57, 35], both utilized a volume fraction transfer approach, albeit with distinct constitutive equations to describe the
changes in volume fraction with each deformation step. These methods were applied successfully to the simulation of both FCC and HCP polycrystals. In particular, the work of
Gu, Toth, and Hoffman calculated the incremental transfer of volume,ΔV s , by:
ΔV s = Vmother ×

s
γ˙ twin
γ˙ s Δt
× twin .
γtwin
γ̇all

32

(2.41)

Here, Vmother is the weighted volume of the parent or ’mother’ grain being reoriented
s
is the shear rate of
by twinning, γtwin is the characteristic shear of twin system s, γ̇twin

deformation for the current deformation step of twin system s, and γall is calculated as
γall =

n
X

|γ̇ s |.

(2.42)

s=1

A similar approach was also adopted in the Twinning De-Twinning model (TDT) developed by [106] in an effort to capture the back and forth transfer of twin volume fraction
that occurs under cyclic loading patterns. The TDT model differed from previous works
primarily in that separate constitutive equations were used to describe different types of
boundary migration, amounting to four effective constitutive laws used to compute twin
volume fraction in various states of twin growth or recesion. While this method was capable of generating good simulation results, there is a current disagreement as to the admissibility of the constitutive equations for changes in twin volume fraction in addition to
signifcant computational costs.

2.4

Constitutive Approaches to Hardening Evolution
Nearly every mechanical model for polycrystalline materials simulates the effects of

hardening, at least in part, by modifying the critical slip value, τc , in the single crystal slip
law in Eq. 2.9. In many cases, this power law is adapted to describe shear by twinning, and
in this way, the saturation of twinning with increased shear can be simulated. A number of
approaches for modeling hardening have been adapted for use in tandem with visco-plastic
self consistent methods.
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The Voce hardening law is an empirically based model for the evolution of critical resolved shear stress (CRSS) with accumulated strain. Initially developed for slip, the Voce
model was later extended to include the hardening of twinning systems as well. Although
still widely used, the empirically based curve ftting approach of the Voce model limits its
range of application. From this approach, the Mechanical Threshold Stress (MTS) model
was developed as an alternative. The MTS model expanded on the Voce model by considering CRSS as a function not only of accumulated shear, but also shear rate and temperature.
The work of [19], later developed by [56] and [110], presented an empirical hardening
approach which accounted for latent hardening interactions between deformation modes.
The physical motivations behind the hardening of polycrystalline materials have been
explored in a number of more recent approaches. The works of [87, 24] both address the
role of twin geometry in the impeding of crystallographic slip. In the former, [87] developed a Composite Grain (CG) scheme coupled with the PTR model by which the CRSS is
defned as a function of the mean free path between the twin grains of the PTS. In the latter,
[24] utilized an Internal State Variable (ISV) approach to track the evolution of the CRSS.
This CRSS was defned as a function not only of the mean free path between twin lamella,
but also of the angle between the twin plane and the plane of shear for slip. The work of
[11] built upon Proust’s CG model by adding the consideration dislocation density in the
calculation of CRSS. A thermodynamically motivated approach is taken in the model to
calculate the changes in dislocation density for each deformation system. These dislocation densities are then used to calculate the changes in CRSS using a Mecking-Kocks type
law coupled with the geometric effects of twin boundaries formulated in the CG model.
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Beginning with the rate sensitive Hutchinson law, for each deformation mode, α, the shear
rate is calculated as

dγ α =

X

γ˙s dt,

(2.43)

s∈α

where
γ˙s = γ˙0 |

ms : σ n
| sgn (ms : σ)
τs

(2.44)

The critical resolved shear stress and twin propogation terms, τ s are additively decomposed into hardening contributions from different lower length scale phenomena as
s
τcs = τ0s + τfsorest + τdeb + τHP

(2.45a)

t
t
τct = τ0t + τHP
+ τslip

(2.45b)

Here the superscripts s and t are used to denote the current slip or twin mode, respectively.
The initial values, τ0s and τ0t , are Arrhenius type equations capturing the hardening
s
represent the contributions to
temperature dependence. The terms τfsorest , τdeb , and τHP

slip hardening from dislocation forests, debris dislocation barriers, and Hall-Petch grain
boundaries. These are calculated as
√
τfsorest = bs χµ ρs ,
τdeb = kdeb µb

s√


ρdeb log

1
√
s
b ρdeb

(2.46)

,

(2.47)

and
s
s
τHP
= µHP
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bs
.
dg

(2.48)

Above, τfsorest is a function of the root of the current system’s dislocation density, µ is the
shear modulus for the current system. The interaction coeffcient, χ is rate and temperature
dependent, and typically 0.1 < χ = χs (,
˙ T ) < 1.0, though it may go as high as 2. In
s
, HPs is the dimensionless Hall-Petch coeffcient and dmf p is the mean free path for the
τHP

current slip system.
For twinning, the associated contributions are calculated as
0

t
τHP

HP tt
=p s ,
dmf p

(2.49)

and
t
τslip
=µ

X

C ts bt bs ρs .

(2.50)

s

In addition to Hall-Petch and mean free path terms contributing to twin resistence, twin
propagation resistence stemming from interactions with slip dislocations is modelled as
being proportional to slip system dislocaiton density. Here the Burgers vectors of slip and
twin are indicated by the indices α and β respectively. The elements of C αβ may be greater
than or less than 0 depending on whether or not a given slip system impedes or encourages
the growth of twin boundary propagation.
The model of Beyerlein and Tomé was successfully applied to the simulation of hardening in Zinc. Built, as it is, on the CG framework, this approach provides a means by
which multiple length scales may be bridged in simulation. When implemented in VPSC,
contributions from parent and twin grain size and geometry are considered along side the
movement and interaction of dislocations in order to provide a comprehensive look into the
mechanisms that drive hardening in HCP materials. However, recent studies have illumi36

nated a need for methods that capture not just these two phenomena, but also the manner
in which they interact.
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CHAPTER III
TASK 1: MODELING THE EFFECT OF PRIMARY AND SECONDARY TWINNING
ON TEXTURE EVOLUTION DURING SEVERE PLASTIC DEFORMATION OF A
TWINNING-INDUCED PLASTICITY STEEL

Abstract: Modeling the effect of deformation twinning and the ensuing twin-twin and
slip-twin induced hardening is a long-standing problem in computational mechanical
metallurgy of materials that deform by both slip and twinning. In this chapter, this
effect is addressed using the twin volume transfer (TVT) method, which obviates the
need of any criterion for twin variant selection. This method is capable of simultaneously capturing at the both primary and secondary, or double, twinning. This is particularly important for modeling in large strain regimes. The modeling methodology
is validated by simulating the behavior of an Fe-23Mn-1.5Al-0.3C twinning-induced
plasticity (TWIP) steel under large strain conditions experimentally achieved by one
and two passes of Equal-Channel Angular Pressing (ECAP) in a 90°die following route
BC at 300 °C. Each possible twin variant, whether nucleating inside the parent grain or
inside a potential primary twin variant was predefned in the initial list of orientations
as possible grains in the polycrystal with zero initial volume fraction. The novelty of
the presented approach is to take into account the loss of coherency of the twins with
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their parent matrix under large strains, progressively obstructing their further growth.
This effect has been captured by attenuating growth rates of twins as a function of their
rotation away from their perfect twin orientation, dubbed here as disorientation with
respect to the mother grains lattice. This method is implemented in both an isotropic,
visco-plastic self consistent code developed at LEM3 as well as the VPSC-7 code from
Los Alamos in order to control for difference arising from potential anisotropy. The
simulated textures and the hardening under tensile strain showed very good agreement with experimental characterization and mechanical testing results. Furthermore,
upper-bound Taylor deformation was found to be applicable for the TWIP steel deformation when all the above ingredients of twinning were captured, indicating that
self-consistent schemes can be bypassed.

3.1

Introduction
High-manganese twinning-induced plasticity (TWIP) steels are promising candidates

for application in crash-relevant automobile components due to their outstanding mechanical properties [33, 34]. These properties, i.e. high strength, ductility, and work-hardening
capacity, originate from their low stacking fault energy (SFE), which is typically in the
range between 20 mJ/m2 to 50 mJ/m2 and enables the activation of deformation-induced
twinning in addition to planar dislocation slip, while strongly impeding cross-slip [3]. The
high work-hardening rates that are responsible for the excellent deformation behavior are
attributed to the combination of strong planarity of dislocation motion and the dynamic
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Hall-Petch effect that facilitates drastic reduction of the dislocations mean free paths due
to the formation of nano-scale deformation twins [16, 17].
Besides their effect on the mechanical properties, the deformation mechanisms active
in high-manganese steels have a strong infuence on the texture evolution the material.
Thus far, this has been analyzed during cold rolling [104, 18, 70, 92, 40, 41, 91, 109],
recrystallization [18, 69, 71, 40, 43], and tensile testing [5, 93, 27, 44]. In contrast to the
conventional processing of TWIP steels, the severe plastic deformation of these alloys has
only been sparsely investigated even though it was found to have a signifcant effect on their
microstructural evolution and mechanical properties [4, 74, 105, 99, 42]. In particular, the
understanding of the correlation between deformation mechanisms and texture evolution
is limited. In the recent study by [42], the equal-channel angular pressing (ECAP) method
was used to deform an Fe-23Mn-1.5Al-0.3C TWIP steel up to four passes at 300 °C following route BC. Experimental analysis revealed that the microstructure during ECAP
was continuously refned, owing to both grain subdivision via deformation twinning and
by dislocation-driven grain fragmentation. Due to the increased SFE at 300 °C, the latter
mechanism dominated the microstructure evolution. In accordance with the correspondence introduced by Suwas et al. [97, 96], a transition texture is formed that contains
texture components characteristic of materials with both high and low SFE. Shear bands,
if they occur, they appear parallel to the applied shear in shear deformation [61]. As they
were hardly observed during ECAP of TWIP steel [39], they were not considered in the
present modeling work.
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Previously developed methods for modeling the evolution of twin volume fractions and
their effects on texture and mechanical hardening begin with the pioneering work of Van
Houtte [50] which utilized a statistically based criteria for the selection of parent grains
to be reoriented into twin orientations. Later works by Tomé et al. [31] and Lebensohn
and Tomé [64] introduced the Predominant Twin Reorientation (PTR) scheme, in which
the mother grain is replaced completely by its most active twinning variant once its activity surpasses a critical value. Implemented as part of the viscoplastic self-consistent code,
VPSC-7d, the PTR scheme was further developed in order to explore the relationship between twinning and hardening evolution [64, 35, ?]. However, both methods were limited
in that neither allowed for the direct representation of the effects of multiple twin systems
on the evolution of texture in simulated polycrystals. Other methods have been developed
in order to address this limitation. The Volume Fraction Transfer (VFT) scheme of Tomé et
al. [100] calculated changes in texture by discretizing Euler space into separate orientation
cells whose centers are occupied by the orientations of physical grains. As the grains are
reoriented either continuously through rotations encountered by slip or discontinuously in
the case of twinning, the cells in orientation space associated with these grains are shifted
via translation vectors or by specifc vector transformations for twinning, respectively, in
Euler space. The volume fraction of each grain is then modifed in an amount proportional
to the overlap of the newly positioned Euler cells. The volume transfer approach of Kalidindi [33] is introducing each twinning variant as a physical grain from the beginning and
the grain-weights are modifed according to the twin activity: volume fractions are transferred from the mother grain to each of the twin-variant as a function of the pseudo-slip
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that a twin contributes to the deformation of the mother grain. This technique was adopted
for large deformation simulations in recent works of Toth and co-workers to reveal the effect of nano-twins on texture evolution for rolling of ultra-fne-grained copper [34, 35] and
for twinning-detwinning activity in fatigue of Mg AZ31 [36]. Twinning in TWIP steel was
modelled by Prakash et al. [37], who created only one twin-variant as a new grain, which
was selected by the PTR scheme among the 12 possible ones. The full volume transfer
scheme for twinning in TWIP steel is applied for the frst time in the present work, and
without the use of the PTR scheme.
The aim of the work presented in this chapter is to shed more light on the infuence
of deformation twinning on the texture evolution of face-centered cubic (fcc) alloys with
low stacking fault energy, specifcally, the high-manganese steel investigated here. To
model the texture evolution during ECAP, two different simulation approaches were implemtented. The frst, an extended version of the viscoplastic self-consistent (VPSC) polycrystal code, was developed in Metz and had been used [38, 39]. The second was a modifed version of viscoplastic self-consistent code, VPSC-7, developed at Los Alamos [cite
VPSC sources]. The robustness of VPSC-7 as demonstrated by its widespread application
to simulating a variety of materials and load conditions makes it an ideal candidate for
providing benchmarks for performance and predicitive power. Both dislocation slip and
twinning were implemented into the simulation codes of both approaches by predefning
all possible twin variants. The volume fractions of twins were increased according to the
activity of the twin systems, which were considered pseudo-slips in their parent grains,
without variant selections. In addition to exploring the predicitive capacity of modeling
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twin volume growth without the use of twin varient selection criteria, the approach presented herein is novel in that the relationship between the twin and the mother grain in
the growth process of the twins is modeled as a function of deviation of twin grain orientations from their ideal twin orientations, relative to the orientation of their parent grain.
This deviation, or disorientation, occurs as a consequence of the different lattice rotations
of the twin and the parent matrix during the very large strains that are imposed. Finally,
the different hardening characteristics of the twins with respect to the matrix are taken
into account by a sophisticated self and latent hardening model. This hardening model is
benchmarked against the more ubiquitous Voce hardening model.
This chapter aims to answer the following questions:
1. Can the effects of twin volume growth on textural development be simulated effectively without the use of arbitrary twin variant selection methods?
2. Can the overall growth of twin volume fraction of a polycrystal be accurately simulated using the disorientation driven attenuation approach in the absence of empirically based methods for “hardening” said material against further growth of twin
volume fraction?
3. More broadly, what light can be shed on the complex interaction between the growth
of multiple twin systems, twin grain orientation, and numerical approaches?

3.2 Methods
3.2.1 Experimental Overview
Experimental data for the calibration, verifcation and validation of the simulation work
for this chapter was performed in [102]. Relevant details from the experimental work are
presented in this section. As the designation of TWIP steels encompasses a wide range
of potential alloys, the chemical composition of the steel investigated in [102] and subsequently used for the calibration, verifcation and validation of the simulation is detailed in
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Table 3.1. The SFEs at room temperature and at 300 °C were calculated to be 5˜25 mJ/m2
and ˜75 mJ/m2, respectively, using a subregular solution thermodynamic model [89].

Table 3.1: Chemical composition of simulated TWIP alloy.
Element

Fe

Mn

Al

C

Si

N

P

wt.%

bal.

22.46

1.21

0.325

0.041

0.015

0.01
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Figure 3.1: Initial rolled texture of TWIP steel.

35 mm rods with a diameter of 10mm sheets were cut from cast TWIP steel subjected
to homogenization annealing, forging, and fnally hot rolling. These rods were subjected
to up to 2 ECAP passes using a 90°die at 300°C following route Bc and a pressing rate of
1mm/s. Specimens for textural analysis were cut from the deformed rods with resulting
dimensions of 8mm × 10mm × 1mm, along the extrusion, normal, and transverse directions, respectively. X-ray pole fgures were generated from three incomplete (0-85°) pole
fgures along {1 1 1}, {2 0 0}, and {2 2 0} using a Bruker D8 Advance diffractometer with
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an HI-STAR detector, operating at 30 kV and 25 mA using fltered iron radiation and polycapillary focusing optics. These observations were used to calculate the experimental ODF
using JTEX software.
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Figure 3.2: Experimental texture after one ECAP pass.

Shown in Figure 3.1, the TWIP steel specimens exhibited a weak texture prior to deformation by ECAP, with the stongest components being the {0 1 1}h1 0 0i cube texture
component, with a measured intensity of 2.0 viewed in the {1 0 0} pole fgure. Following
the frst ECAP pass, shear texture was apparent with stronger A1, C, and B/Bb components and relatively weak A2 and A/Ab. Shear texture patterns continued to be reinforced
after the second ECAP pass, with generally higher texture peaks and an ODF maximum
between C and B components. These results can be seen in Figure 3.2.
TEM and EBSD measurements of sample specimens revealed not only a signifcant
incidence of twinning, but also that these twins had deviated from their ideal orientations
in deformation proceeding their nucleation. Stacks of twin grain lamella with a thickness
ranging from 40-100nm were observed. Their angles of deviation, or disorientation, from
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the ideal 60°h1 1 1i twin orientation was measured to lay within a range of 10°-50°. EBSD
images of measured twins and a summary of the angles of disorientation are shown in Figure 3.3 and Table 3.2. Although is has been observed that the twin lamella of TWIP steels
preferentially nucleate away from grain boundaries (look up citation) and are, therefore,
likely to be completely contained within their respective parent volumes, such measured
angles of disorientation suggest that they do not corotate with their parent grains.

Figure 3.3: EBSD map with color-coding according to the inverse pole fgure after one
ECAP pass. 13 grains were analyzed. Black and white lines denote high-angle
grain boundaries (θ15°) and Σ3 (60°h1 1 1i) grain boundaries, respectively.
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Table 3.2: Orientation relationships between labeled grains in EBSD image.
Disorientation

Combination

Offset from nearest

Deviation from

rotation axis (°)

twinning position (°)

and
nearest rotation axis

1-2

19.07°h3 2 0i

6.21

50

2-3

53.13°h3 2 0i

2.47

42.45

3-4

55.07°h3 2 0i

2.57

35.54

4-5

56.77°h3 2 0i

2.39

10.8

5-6

48.29°h3 2 0i

1.87

15.6

6-7

50.7°h3 2 0i

0.47

22.5

7-8

55.98°h3 2 0i

1.98

18.3

8-9

48.2907°h3 2 0i

3.42

8.87

9-10

58.03°h3 2 0i

3.87

10.72

10-11

58.12°h3 2 0i

4.14

28.14

11-12

55.84°h3 2 0i

1.76

9.94

12-13

56.81°h3 2 0i

2.52

9.7
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3.2.2

Twin Volume Transfer Constitutive Model
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Figure 3.4: Conceptual overview of the twin volume transfer scheme at each deformation
step.

Experimental work in [102] observed the evolution of mechanical twin volume fraction
in TWIP steels was constrained by the angle of disorientation between between the ideal
orientation of each twin system and its actual Orientation relative to the parent grain. While
some deviation from ideal twin orientations could still be present during the nucleation of
new twin lamella for a given twin system, nucleation was observed to attenuate with signifcatn growth of this disorientation angle. Shown in Figure 3.4 the twin volume transfer
scheme, each potentially activated twin system is represented in a polycrystal simulation
by a separate grain orientation with an initial volume fraction of zero. At each deformation
step, portions of each mother grain’s volume fraction were transfered to volume fractions
of grain orientations correpsonding to each of their twin systems. The portion of volume
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fraction transfered to each twin system grain, β, was defned as a function of shear on the
twin system and the angle of disorientation.
⎧
(10◦ − θ) Δt × γ˙β
⎪
⎪
×
× Vparent ,
⎨
10◦
γβ?
Δvβ =
⎪
⎪
⎩ −0, θ > 10◦

θ ≤ 10◦
.

(3.1)

Here, θ is the disorientation angle, γβ is the shear of the the twin system at the current
deformation step, and γβ? is the amount of shear necessary for the nucleation of twin. Here
√
this value is calculated to be γβ? = 1/ 2 for the h1 , 1 , 2i twin system. In this way, twin
volume growth is attenuated as the disorientation angle approaches 10°.
In this model, twin grain orientations that had yet to nucleate were tracked, and were
subjected to an enforced corotation with parent grains, as the rigid body rotation of a parent grain was applied to each of its corresponding unborn twin grains. Upon nucleation,
this enforced corotation was ceased and newly born twin grains were allowed to rotate as
separate grains according to it’s local stress and strain state. This model was also applied
the formation of secondary twins where appropriate.

3.2.3

Models for Hardening Evolution

In order to capture the hardening behavior of the material, two approaches were explored. The frst approach was the Bronkhorst type hardening model employed in Kalidindi [57] and Zhou [58]; the second was the Voce hardening model. The Bronkhorst
type model defnes the critical resolved shear stress, τ0α , for a given slip system, α as
τ̇0α =

X

H αβ |γ̇ α |,

β
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∀α, β ∈ 1...nslip

(3.2)

The generalized hardening matrix H αβ in Equation 3.2 is calcuated from a slip system
interaction matrix q αβ as
H αβ = q αβ h0 {1 − (τ0α /τsat )}

(3.3)

In Equation 3.3, τ0α and τsat are the actual slip strength and saturation slip strength, respectively, while h0 is a hardening rate control parameter. The interaction matrix q αβ is
constructed from four distinct values, qn , corresponding to four potential classifcations of
slip-slip interactions. q1 , q2 , q3 , and q4 represent the contributions to hardening of each
grain from the interactions between colinear, coplanar, perpendicular, and all other kinds
of relative slip-slip orientations, for two slip systems, α and β.
VPSC-7 uses the extended Voce hardening model in which the CRSS of a considered
deformation mode is calculated empirically as a function of total accumulated shear in
each grain at each deformation step as
s
τCRSS

=

τ0s

+

(τ1s

+

θ1s Γ)




θ0s
1 − exp −Γ| s |
.
τ1

(3.4)

In Equation 3.4, τ0s is the initial yield value, θ0s is the initial hardening rate, τ1s is the backextrapolated yield value, and θ1s is the asymptotic rate of hardening.

3.2.4

Implementation

For the simulations utilizing the VPSC polycrystal code developed in Metz, the version fne tuned for fnite element implementation was used [38, 39]. The code itself is
considered an “isotropic” code, so-called because the interaction between a given grain
and the homogeneous medium is calculated using the assumption that the medium itself is
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isotropic. Although not appropriate for hexagonal materials, this assumption can be considered valid for cubic materials without strong textures. As TWIP steels possess an fcc
crystal structure and usually show weak textures [46], such conditions were assumed to
be met. The volume transfer scheme recently introduced in publications by Toth et al. to
account for twinning [35, 36] was implemented in the VPSC code; simultaneously for both
primary and secondary twinning.
The Los Alamos code, VPSC-7d, was modifed, replacing the the PTR scheme implemented in SUBROUTINE UPDATE TWINNING with the TVT scheme implemented in
SUBROUTINE UPDATE TWINNING VTT. Unlike the Metz code, VPSC-7 is an “anisotropic”
code, in that the homogeneous polycrystal medium is not assumed to be isotropic, thereby
extending its domain of application to polycrystal materials with low crystal symmetries.
As with the Metz code, simulations were carried out with both primary and secondary
twinning actively considered during the simulation.

3.2.5

Simulation

The simulation work of this chapter was performed along two parallel research “channels”. In the frst, the TVT model without disorientation driven attentuation was used
to simulate a single ECAP pass in order to provide a control for ongoing comparison.
SImulations were performed using both Taylor approximations and the self-consistent approaches. The disorientation driven attenuation was then added to more accurately capture
the texture evolution. In the second, the TVT model was implemented in VPSC-7 and
used to simulated the same ECAP pass using the same approaches. The choice to perform
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these simulations using both codes was motivated by the desire to see the effects, if any,
that assumptions regarding the (an)isotropy of the polycrystal medium would have on the
predictive capacity of the TVT approach.
In both cases the simple shear model for ECAP with a 90°die was utilized to defne
the velocity gradient of the bulk material. The simulation of a single ECAP pass was performed across 40 deformation controlled steps, defned by an equivalent Von Misses strain
increment of ΔV M = 0.028867 , corresponding to a total shear strain of γ = 2.0 on the
45°plane of shear. This approach is shown in Figure 3.5. In simulations for the frst ECAP
pass using the Metz self-consistent code, only primary twinnning was activated in the code,
as no secondary twinning was observed experimentally under this condition. This led to
the consideration of 500 parent grains with 6000 (12 twin variants per parent) potential
twin grains for the initial texture. In simulations for the second ECAP pass, this number
was increased to include 12 secondary twin grains for each primary twin grain, for a total
of 78500 grains. For simulations using VPSC-7, only on ECAP pass was simulated. While
secondary twinning was considered potentially active in the sense that the capability of
secondary twin volume fraction to occure was turned on, no volume fraction of secondary
twins was observed to have accrued in pilot simulations. In light of the experimental observations from the single ECAP pass experiments, secondary twinning was turned on in the
primary twin “phase” and tracked as a variable rather than being tracked as an additional
“phase” unto itself in the name of minimizing computational costs associated with the fnal
simulations. This resulted in 6500 total grains being tracked with 500 in the parent “phase”
and 6000 twins in the other. In the cases of both codes, simulations were carried out us52

ing both a Taylor equivalent assumption and a self-consistent approach using the Tangent
modulus.
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Figure 3.5: Simple shear model for a single ECAP pass.

3.2.6

Calibration

Before beginning ECAP simulations in earnest, hardening coeffcients for both the
Bronkhorst type model of and the Voce hardening model in VPSC-7 were obtained by
ftting simulated stress curves of the TWIP steel in it’s initial hot-rolled state to experimental data obtained by subjecting pre-ECAP samples to uniaxial tension producing a twin
volume fraction of 0.2 and 0.28, respectively, at  = 0.4. A comparisson of the ftted tensile curves is presented in Figure 3.6 along with the corresponding hardening and modeling
paramters f or the Bronkhorst type model in Table 3.3.
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Table 3.3: Modeling parameters for Metz VPSC simulations.
Slip mode and initial strength, τ0

{1 1 1}h1 1 0i, 167 MPa

Twinning mode and initial strength, τ0

{1 1 1}h1 1 2i, 167 MPa

Hardening rate for parent grain, h0

163.5 MPa

Hardening rate for primary twin, h0

327 MPa

Hardening rate for secondary twin, h0

489 MPa

Saturation Stress, τsat

1650 MPa

Strain hardening parameter, a

0.5

Latent hardening parameters

q1 = 1, q2 = 1.2, q3 = 2, q4 = 1.5

Strain rate sensitivity parameter for slip and twinning, m

0.166

Interaction coeffcient for Tanget VPSC model, α

0.166

Total number of grains for primary twinning

6500

Initial grain shape aspect ratios for twin grains

1:5:5
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An iterative process was used for the ftting for τ0 for both slip and twinning, τsat , α,
and h0 for parent, primary twin, and secondary twins. The defnitions of qn led to the
constraints q1 < q2 < q3 on their ftted values. The value of q4 was not constrained by any
specifc physical process, and so was taken as the average value of q1 , q2 , and q3 .
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Figure 3.6: Fitting curves for TWIP steel subjected to uniaxial tension.

For simulations using VPSC-7, the total volume fraction of primary twins was considered to be a separate “phase”. In this way, the incidence and growth of both primary
and secondary twins could be tracked in the event that they should occur. As cross slip
and Hall-Petch effects are not explicitely considered in the Voce model between different
grains except through the empircal effects of latent hardening parameters, the consideration of twin volumes as separate phases within the implementation yielded an opportunity
to try and capture the effects of twin volume growth on overall polycrystal hardening by
assigning them a set of Voce hardening parameters that differed substantially from those
of the parent phase. The observed rigidity of twin lamella was approximated with initial
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CRSS for slip τ0 for slip systems in the twin “phase” of twice that of slip systems in the
parent grain. The hardening parameters for the Voce hardening model from the tensile
ftting are summarized in Tables 3.4 and 3.5

3.3 Results
3.3.1 1st ECAP Pass
The results of the simulations of a single ECAP pass performed using the Metz selfconsistent code showed marked differences between the Taylor equivalent and self-consistent
approaches. Shown in Figure 3.7, peaks in the Euler sections viewed at φ2 = 0°and
φ2 = 45°associated with the A1, C, and B/Bb texture components expressed in the experimental data are clearly visible. Viewed along the h1 1 1i andh1 0 0i directions, the
simulated pole fgures shown in Figure 3.7 exhibited clear sheared textures associated with
strain conditions of ECAP. Although the intensity of these peaks was noticeably higher
than the intensity of the peaks in the experimental measurements, such discrepancies are
common in simulation work. Shown in Figures 3.8, self-consistent methods performed
with the Metz code both underpredicted the A1, B, and C texture components, while overestimating the incidence of A and A2 components.
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Table 3.4: Parent grain hardening parameters for VPSC-7 simulations.
{1 1 1}h1 1 0i Slip mode: Parent Grain
Initial yield strength, τ0

250 MPa

Back extrapolated yield strength, τ1

0 MPa

Initial hardening rate, θ0

350 MPa

Asymptotic hardening rate, θ1

350 MPa

{1 1 1}h1 1 2i Twin mode: Primary Twin
Initial yield strength, τ0

250 MPa

Back extrapolated yield strength, τ1

0.0 MPa

Initial hardening rate, θ0

150 MPa

Asymptotic hardening rate, θ1

150 MPa

Initial grain shape aspect ratios for twin grains
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1:1:1

Table 3.5: Twin grain hardening parameters for VPSC-7 simulations.
{1 1 1}h1 1 0i Slip mode: Twin Grain
Initial yield strength, τ0

560 MPa

Back extrapolated yield strength, τ1

0 MPa

Initial hardening rate, θ0

400 MPa

Asymptotic hardening rate, θ1

400 MPa

{1 1 1}h1 1 2i Twin mode: Secondary Twin
Initial yield strength, τ0

800 MPa

Back extrapolated yield strength, τ1

0.0 MPa

Initial hardening rate, θ0

300 MPa

Asymptotic hardening rate, θ1

300 MPa

Initial grain shape aspect ratios for twin grains
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Figure 3.7: Texture simulations of one ECAP pass using the Taylor approach in the Metz
self consistent code.
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Figure 3.8: Texture simulations of one ECAP pass using the tangent, self consistent approach in the Metz self consistent code.

Simulations performed using VPSC-7 yielded similar results to the Metz code. Peaks in
the φ2 = 0°and φ2 = 45°Euler sections performed with the Taylor equivalent constraints
were consistent with the texture components of both the experimental texture readings
and the Taylor simulations produced using the Metz self-consistent code. Self-consistent
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simulations using the Tangent modulus also overestimated A and A2 components while
simulatneously producing skewed B type texture components. These results are shown in
Figures 3.9 and 3.10 for Taylor and self-consistent approximations, respectively.
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Figure 3.9: Texture simulations of one ECAP pass using the Taylor approach in VPSC-7.
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Figure 3.10: Texture simulations of one ECAP pass using the tangent, self consistent
approach in VPSC-7.

Simulated twin volume fraction reached 48% and 40% at the end of the ECAP pass
for the Metz code and VPSC-7, respectively as shown in Figure 3.11. In Figure 3.12, the
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average angle of disorientation of nucleated twin grains from their ideal twinning angles
for their corresponding twin variant is seen to be monotonically increasing with equivalent
strain, to an average of approximately 13°at the end of the single ECAP pass. Figure 3.13
reveales that twin disorientation spanned a range from 0°to 50°, with twin disorientation
skewing towards only small deviation from ideal twinning positions at the end of single
ECAP pass, as well.
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Figure 3.11: Twin volume evolution for ECAP.
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3.4

Anaylsis
In summary, simulation trends reveal a few key points that must be addressed:

1. Simulated twin volume fraction was, in general, higher than past values observed
experimentally [38, 42].
2. Simulated textures yielded good agreement with experimental results when simulations were performed using the Taylor approach. Self-Consistent approaches using
the tangent modulus in both codes were less accurate with respect to the experiment, with A2 and A texture components being overestimated, with A1, B, and C
components being underestimated in both the Metz and modifed Los Alamos code.
Additionally, in all cases, simulated textures showed sharper peaks at concentrations
of texture than those observed in experiments.

When considering item number one, above, it must be noted that current techniques for
EBSD imaging suffer from two notable limitations which may lead to the underestimation
of twin volume fraction when applied to TWIP steels. First, EBSD measurements of twin
volumes become signifcantly more diffcult in the case of materials whose twin grains
exhibit a thickness and intergranulare spacing on the scale of nanometers. The particular
geometry of twin lamella inside TWIP steels, then, represents a twinning texture for which
EBSD techniques may struggle to identify the totality of twin volume fraction. Furthermore, EBSD is unable to capture twin grains that have migrated from their ideal twinning
orientations. As shown in the experimental observations summarized in Table 3.2 and
reinforced by simulation results shown in Figure 3.13, substantial deviations from such
positions were observed. As such, this represents a signfcant source of potential error,
skewing results towards underestimation of twin volume fraction in EBSD measurements
for TWIP steels subjected to ECAP. Taking both of these limitations into consideration,
such relatively high simulated twin volume fractions are much more reasonable [38].
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Item number two requires more comprehensive discussion. The more pronounce peaks
in simulated texture observed in all cases can be contextualized when viewed in conjunction with their numerical contribution to fraction of texture components in the ODF. Figure
?? shows the volume fractions of orientations as they contribute to texture components in
the simulated ODFs. Peak values of these contributions do not exceed even a single percent in both Taylor and SC approaches, placing the error of estimation for each simulation
within the range of a fraction of a percent. Consequently, simulated textures presented
herein fall within an acceptable bound of numerical error.

Figure 3.14: Contributions to texture components in simulated ODFs for Taylor simulations.
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Figure 3.15: Contributions to texture components in simulated ODFs for self consistent
simulations using the tangent modulus.

As shown in the work of [102], the simulated texture of TWIP steel under ECAP more
successfully modeled under the fully constrained Taylor approach, thereby bypassing additional computational costs associated with more complicated sef-consistent methods. Under the Taylor approach for polycrystal modeling (not to be confused with the Taylor approach for slip in single crystals), homogeniety of deformation throughout a polycrytal
is enforced by assuming that velocity gradients at the crysal level are indentical to those
experienced by the polycrystal sample. While computationally expedient, such conditions
are not always observed in polycrystals. The relative accuracy of the Taylor approach when
compared to self-consistent methods as implemented in the Metz code and confrmed in
VPSC-7 suggest that some form of enforced compatibility exists within a given grain. Such
a confrmation also supports the idea that the homogeniety of strain is agnostic with respect
to the the hardening approach, and therefore a consequence of the polycrystal modeling approach and not the specifc constitutive relationships, implying real material conditions that
closely mirror the kinematic assumptions. This is further supported by the fact that differ65

ences in simulated textures between the isotropic Metz code and the anisotropic VPSC-7
were most pronounced in SC approaches. While key features such as the overabundance
of A2 texture components and the under representation of A1 and C components were seen
in both codes, the simulated texture of the isotropic codes was noticeably more disperse.
As posited in [102], this may be explained when the high simulated twin volume fraction addressed in point one is taken into consideration. TWIP steel is nucleation controlled,
that is, twin volume growth is achieved not by the migration of twin boundaries and expansion of exsiting twin grains, but by the nucleation of new grains. The twins themselves
are generally accepted to be much harder than untwinned regions [24, 2, 37, 38]. Additionally, the spacing between twin grains with stacks of twin lamella is relatively small, on
the order of 30-50 nm as stated earlier. These characteristics of twinning in TWIP steel
combined with the higher than expected twin volume fraction supports the supposition that
twin grains may act as a kind of “skeleton” or frame, embedded within the untwinned regions. The relative rigidity of this frame could serve to motivate enforced compatibility of
strain within a grain which had accumulated suffcient twin volume fraction, especially in
a localized region around grain boundaries. Observed dislocation pileup and the absence
of void nucleation in the intergranular region between twin grains is consistent with this
theory [38].
In order to verify that the simulated textures presented in this work are the result in
part due to the successful application of the TVT model for twin growth, two reference
textures were generated. The Euler sections in Figure 3.17 show the twinned orientations
of ideal components after ECAP at φ2 = 0°and φ2 = 45°. Here concentrations of A1,
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B, and Bb components are clearly visible. Pictured in Figure 3.16 are the ideal texture
components associated with the shear experienced under 90°ECAP. In this fgure, peaks
are seen aligned with the positions of the A2, B, and C components , while A1 components
are non existent. Taken in conjunction with each other, these two textures suggest that
reorientation by twinning in TWIP results in the redistribution of A2 components to the A1
orientation. B and Bb components, which twin into each other’s orientations, would remain
strong, as would C components. This is consistent with the results of the experiemental
textures and Taylor simulations for both the Metz and VPSC-7 implementations. This
suggests that the TVT scheme can capture the texture evolution driven by twin growth and
attenuation with a reasonable degree of accuracy.
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Figure 3.16: Texture associated with shear after a single ECAP pass.
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Figure 3.17: Texture associated with ideal twin positions after a single ECAP pass.

3.5

Conclusion
In this chapter, the texture evolution of hot rolled, low SFE, TWIP steel subjected to a

90°ECAP pass following route Bc was simulated using both the Metz self-consisent and
Los Alamos VPSC-7 codes, with and without assumed isotropy in the simulated polycrystal medium. In both codes, simulations were carried out under both fully constrained
Taylor assumptions, and self-consistent approaches using the tangent modulus. In all cases,
twinning effects were modeled using the TVT scheme which simultaneously considers the
effects of multiple twin variants on texture. In the TVT scheme, twin volume growth for
each variant is described by a consitutive law that considers the attenuation of growth as
a function of the angle of disorientation between th twinned grain and its corresponding
ideal twinning position relative to its parent grain. Hardening parameters for a Bronkhorst
type hardening approach and the Voce hardening model were obtained by ftting to the
material subjected to uniaxial tension for the Metz self-consistent code and VPSC-7, resp68

sectively. Hardening effects due to the onset of twinning were modeled in the Metz code
using latent hardening parameters, while the interaction of slip and twin grains in VPSC-7
was approximated by considering twins as a separate, harder, phase.
Simulated texture results using the Taylor approach match well with the experimental
data in both codes, with tangent approaches yielding less agreement. Twin volume fraction was generally higher than published EBSD experiments, but this may be attributed to
the limitations of the technique to fully approximate the volume fraction of an observed
material when twin grains rotate outside of their ideal twinning orientations rather than
the failure of the attenuation driven constituive law to accurately model twin growth. In
both codes, the disorientation of twin grains from their ideal orientations was reasonably
captured.
This leads to the following conclusions for the driving questions presented at the beginning of this chapter.
1. Textural effects of twinning can be captured without the need for arbitrary twin variant selection methods, a la PTR method in cases of severe plastic deformation. With
increases in available computing power, variant selection based methods may not
always be the most favorable approach should methods that give simultaneous consideration to multiple twin variants be shown to have predictive value for a broader
range of strain regimes and polycrystal materials.
2. Although the fnal levels of twin volume fraction were higher than shown in previous
experiments, such a difference can be explained by the limitations of current imaging techniques. In this case, simulations using the disorientation driven attenuation
implemented in the constitutive law alone were able to recreate twin volume growth
curves seen in simulations using latent hardening in high strain regimes.
3. In the particular case of TWIP steels, the Taylor approach to polycrystal simulation
was shown to have greater predictive power for the purpose of texture evolution in
ECAP than the self-consistent models using the tangent modulus, suggesting that
the internal state of the polycrystal is one of enforced compatibility. This may obviate the need for more computationally costly self-consistent models in the case of
simulating TWIP steels.
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CHAPTER IV
TASK 2: CRYSTAL PLASTICITY MODELING OF ABNORMAL LATENT
HARDENING EFFECTS DUE TO TWINNING

Recent characterization studies using transmission electron microscopy as well as advanced molecular dynamic simulations have shown that slip dislocations whether striking or struck by a {1 0 1 2} twin boundary dissociate into a combination of twinning
disconnections, interfacial disclinations (facets), and other types of dislocations engulfed inside the twin domains, called transmuted dislocations. While twinning disconnections were found to promote twin propagation, the dislocations incorporated
inside the twin are of considerable importance to hardening and damage initiation as
they are doomed to more signifcantly obstruct slip dislocations accommodating plasticity of the twins. In this paper, the dislocation transmutation event and its effect on
hardening is captured using a dislocation density based hardening model implemented
in the viscoplastic self consistent code, VPSC-7. This is done by allowing the twins to
increase their dislocation densities, not only by virtue of slip, but also through dislocations that transmute from the parents as the twin volume fraction increases. A correspondence matrix rule is used to determine the type of converted dislocations while
tracking and parameterizing their evolution. The model acknowledges a new physics-
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based mechanism and is expected to canalize current ftting approaches of hardening
in hexagonal materials which relied thus far on twin-induced lattice reorientation and
Hall-Petch mechanisms.

4.1

Introduction
The utilization of hexagonal-close packed (HCP) magnesium (Mg) and magnesium

based alloys is of interest to industry because of their low density and high specifc strength.
Their low crystal symmetry leads to mechanically anisotropic behavior in highly textured
textured condition in which signifcant nucleation and growth of {1 0 1 2} tensile twins may
occur. The profuse twinning of Mg produces brittle properties in the material that makes it
unsuitable for many applications. In order to expand the range of industrial applications of
magnesium and its alloys, the contributions of twinning to the mechanical behavior of the
material must be better understood. Multiscale simulations serve a dualistic role in modern
material investigations by both guiding and being guided by physical experiments. In the
case of magnesium and its alloys, crystal plasticity based simulations are useful bridging
the gap between lower length scale phenomena and continuum scale material behavior.
Studies of single crystal magnesium revealed that slip along the basal and prismatic
planes are often active during deformation, both possessing a relatively low CRSS when
compared with other deformation modes [13, 22, 47]. However, in order to accommodate
deformation along the c-axis, pyramidal-hc + ai slip and tensile {1 0 1 2} twinning modes
can be needed as well, leading to heavily anisotropic behavior, both observed experimentally and predicted in polycrystal modeling [26, 82, 68, 60, 52]. In some cases highly
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profuse twinning in which 80% of the parent grain volume is overtaken by twin volume
fraction can occur. In other cases scarcely no twinning at all may take place [13, 47, 8, 53].
Consequently, a number of studies have focused on slip-slip, slip-twin, and twin-twin interactions [28, 54]. Because twinning generates new grains within a given parent grain, it is
reasonable to assume that the hardening evolution of magnesium is driven by a Hall-Petch
(HP) type mechanism as the newly generated twin grain boundaries were thought to impede the motion of dislocation slip within the parent grain, and many modeling approaches
were developed which considered this phenomena as a signfcant driver of mechanical
hardening due to slip-twin intereaction in Mg and its alloys, and therefore, a prime actor in
their anisotropic behavior [78, 28, 86, 23].
The work of [83] demonstrated that, rather than being caused by HP effects, this
anisotropy could be the result of increased dislocation density inside the twin grains. Implementing a modifed version of the dislocation density based hardening model of [11] in
the viscoplastic self-consistent (VPSC) code (VPSC-7d from Los Alamos National Laboratory) the compression of rolled Mg with a highly basal texture along multiple compression loading paths were simulated. By setting the contributions of HP mechanisms
to zero, [83] showed that increasing the amount of dislocation density stored inside twin
volumes by a Twin Storage Factor (TSF) recreated the characteristic hardening behavior
across multiple load paths. This approach will be referred to as the TSF method in the
following. This demonstrated that the assumptions about how slip dislocations interact
with twin grain boundaries may require additional investigation in order to be completely
understood. More specifcally, it was shown that increasing the dislocation density of twin
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grains could reproduce hardening reactions previously thought to have been caused solely
by Hall-Petch effects. However, this empirical approach was limited in that the specifc
physical process by which dislocation density was increased inside of twin grains was not
modeled.
The fndings of [83] were bolstered by the molecular dynamics (MD) work of [53]. In
that work dislocations on the {0 0 0 1} basal plane that encountered a {1 0 1 2} tensile twin
grain boundary were shown to either facilitating twin boundary movement by dissociating
into twinning disconnections, or transmute into dislocations along different slip systems
inside the twin volume fraction depending on the relative geometry of the dislocation and
the twin boundary. Though the complete dislocation reaction at the twin interface was only
recently identifed by means of atomistic simulations and advanced interfacial defect theory, the part of the dissociation leading to dislocation transmutation has been hypothesized
as early as the nineteen sixties by Bilby and Saxl and was later known as the Basinski
mechanism [14, 94, 9]. Similar to the Basinski mechanism [9], the capacity of dislocations
to transmute from parent grains across twin boundaries represents a potential vehicle by
which the dislocation density of twin grains might be increased in excess of statistically
and geometrically necessary dislocations typically formed to accommodate slip within the
twin. Transmutation could then account for the increased dislocation density enforced by
the twin storage factor of [83]. While previous studies have conceded that a Basinski type
transmutation effect may be occuring in twinning Mg, experimental evidence has been
sparse thus far [23, 78, 28]. Although the mechanisms by which Basinski like transmutation may take effect have been studied, there are few treatments in the literature on how
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to incorporate these mechanisms in constitutive laws in order to “up-scale” their effects on
grain behavior [25]. The work of [55] provides a crystal plasticity framework by which
such transmutation effects might be modeled in VPSC simulations. They developeded a
transmutation matrix α where each element αij represents the proportion of dislocation
density that is transmuted to the ith slip mode inside the twin volume from the j th slip
mode in the parent volume.
The work of this chapter introduces a modifed version of the crystal plasticity based
dislocation transmutation theory of [55], further adapted to capture the mode-wise nature
slip dislocation interaction with twin boundaries and allow for the inclusion of both transmutation and disassociation behavior of these dislocations. In this way, a physically based
model for the complex interactions of slip and twinning in polycrystal Mg is developed.
This model is implemented the LANL code VPSC-7d, calibrated using assumptions based
on the fndings of the MD work [53] and the application of the correspondence method of
[14], and used to simulate the anisotropic hardening behavior of rolled Mg under multiple
compression load paths. This is done with intention of answering the following research
questions:
1. To what extent is the hardening behavior of Mg informed by the processes of dislocation transmutation and dissociation across twin grain boundaries?
2. Is hardening by dislocation transmutation alone enough to account for the anisotropic
hardening behavior of Mg, or can it be reasonably concluded that this process merely
supplements Hall-Petch type effects.
3. To the extent that hardening in Mg is informed by transmutation effects, how does
this effect the evolution of dislocation density.
4. Can transmutation be implemented in the absence of arbitrary curve ftting procedures based on empirical fndings without sacrifcing predictive capacity?
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4.2 Methods
4.2.1 Model
The model for this work is based on the approach of [11] in which the hardening behavior of HCP polycrystals is simulated by the evolution of the critical resolved shear stress
(CRSS) used in Hutchinson’sstrain rate sensitive constitutive equation. In this approach,
the CRSS for slip in each slip system s in the slip mode, i, is defned as a function of the
dislocation density on that system. The CRSS of each system was given by the additive
decomposition
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p
� 
τfi orest ρi = bi χµ ρi ,
i
τdeb

� i
√
ρ = kdeb µbi ρdeb log

s
τHP
=



1
√
i
b ρdeb

(4.2a)

, and

⎧
⎪
q
⎪
i
⎪
i
⎪
⎨µHP dbg for grains without twins,

(4.2b)

(4.2c)

r
⎪
⎪
⎪
ij
bi
⎪
s,P T S for grains with twins.
⎩µHP
d
mf p

In Equation 4.2a, bi and ρi are the Burgers vector and dislocation density on the ith slip
mode. χ and µ are the dislocation interaction coeffcient and shear modulus, respectively.
Equation 4.2b also contains the debris formation parameter kdeb and debris density ρdeb .
The Hall-Petch constributions in Equations 4.2c depend on the presence of twins. In grains
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where there is no active twinning, these contributions are the same for all s ∈ i, with a
bulk interaction term HP i and grain size dg . In the case of grains with a predominate twin
system j, the interaction term HP ij describes the interaction between twin mode j and slip
TS
mode i. Here, ds,P
mf p is the mean free path between twin lamella described in [86].

In the simulations presented in this work, the forest and debris contributions remain
unchanged. However, the constitutive model of [11] is based on the Composite Grain
(CG) model of [86] and treats twin boundaries as full-stop barriers to dislocation glide.
As twin boundaries are not considered to act as barriers in this work by hypothesis, the
Hall-Petch contributions to CRSS are treated as being identically zero, hence

s
τHP
= 0, ∀s ∈ i.

(4.3)

In the model of [11], the change in dislocation density for a given slip mode α with
change in shear on the same system is calculated by a Mecking-Kocks [75] type equation
and adopted in this work to calculate the change in dislocation density with shear as

p
∂ρi
i
=
k
ρi − k2i (,
˙ T ) ρi .
1
i
∂γ

(4.4)

Equation 4.4 introduces the phenomenological generation and rate and temperature dependent parameters k1i and k2i . There is a relationship between these two parameters,
χbi
k2i (,
˙ T)
=
k1i
gi



kT
1 − i i 3 log
D (b )

 
˙
.
˙0

(4.5)

Above, g i , Di are the normalized activation energy and drag stress, respectively, and ˙ and
˙0 are the strain rate and reference strain rate.
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In the present model, the dislocation densities were modifed based on changes in twin
volume fraction of the composite grain, which were added:

iT F

ρ

=

⎧
⎪
⎪
⎪
⎨ρi ,

∀s ∈ parent volume fraction

⎪
⎪
⎪
⎩ρiT F (V ) ,

∀s ∈ parent volume fraction.

(4.6)

In this way, the hardening contributions from dislocation density to the CRSS of slip systems inside the twin volume fraction of each grain are differentiated from those systems
inside the parent volume fraction.
The function ρiT F (V ) from the work of [55] defning the increase in dislocation density
of the ith slip mode type inside the j th twin volume fraction is expressed as

dρ

iT F

P
V T ρiT + dV j αij ρjP
(V ) =
.
V T + dV

(4.7)

In this chapter, the matrix α includes an additional row in order to account for dislocation transmutation into sessile, higher order dislocations and equation 4.7 is modifed in
order to account for the dissociation of parent dislocations at twin grain boundaries. A normalized dissociation parameter η is introduced, representing the proportion of dislocation
density that fails to transmute from the j th slip system in the parent volume to the twin
volume and does not contribute to density in the twin. This leads to the fnal, modifed
constitutive law
dρ

iT F

P
V T ρiT + dV j (1 − ηj ) αij ρjP
(V ) =
.
V T + dV
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(4.8)

The model of [11] also contains constitutive laws for twin activation, propogation, and
interaction. These remained unchanged in this chapter and are summarized in Appendix
A.1.

4.3

Implementation and Calibration
The above described changes to the dislocation density model were implemented in the

LANL code VPSC-7b by making changes directly to the subroutines UPDATE CRSS CG disl
and DATA CRYS and were compiled using the GFortran GNU compiler. The model was
calibrated using a three stage process. First, the values for α were assigned based on the
correspondence method introduced by [14]. After this, values for the elements ηj were
assigned, and fnally, the slip and twinning parameters respectively associated with dislocation generation twin nucleation and propagation were adopted from [83].

4.3.1

Correspondence Method for Transmutation for the Construction of α

A generalized correspondence method for mapping a vector on a slip plane in a parent
grain on to a corresponding slip plane inside a twin grain was frst presented in the work of
[14]. This method was further developed by [14] and applied by Neiwczas to twin modes
in FCC [80] and HCP crystals [81]. Summarized in Chapter 2, the precise mathematical
expression of the general theory of the correspondence method adapted by [81] in the case
of Mg was adapted for the purpose of assigning values to the transmutation matrix α.
The onto mapping of slip systems in the parent volume to corresponding slip systems
in the twin volume implemented by [81] provides explicite calculations for transmuting
the plane normal and directional vectors for each slip system in a parent grain to its cor78

responding slip system inside a twin. Rather than using the method to calculate values of
α at each deformation step, the transmutation matrix for h1 0 1 2i twins was constructed
in pre-processing. h1 0 1 1i twins were not assumed to contribute to transmutation in this
work as the onset of compression twinning in Mg is taking place at higher strains, and very
closely associated with the nucleation of damage in the material, leading quickly to brittle
failure. As such, the contributions of compression twins to dislocation transmutation were
assumed to be negligable. Strictly for the purposes of the elementwise construction of α,
the following assumptions were made:
1. The entirety of the dislocation density from a slip system in the volume fraction of the
parent grain overtaken by a twin mode is considered to transmute to its corresponding
slip system inside the twin grain. This pairing of slip systems is defned by the
mappings defned by the correspondence method used by [81] for HCP materials.
2. The dislocation density of slip mode in the volume fraction of the parent grain overtaken by a twin volume is considered to be evenly distributed across the systems of
that mode.
3. In this simulation, the dislocation density of any parent slip system corresponding to
a slip system inside the twin grain that was not part of the prismatic, basal, or 2nd
order pyramidal < c + a > slip modes was assumed to contribute to debris formation
inside the twin as part of ρdeb .

Working from these assumptions, the value of each element αij can be calculated as the
proportion of systems from the j th slip mode in the parent volume fraction which contribute
to dislocation density in the ith slip mode in twin volume fraction. This can be expressed
as
αij =

nC
j
,
ntot
j

(4.9)

th
where nC
j is the number of slip systems in the j slip mode of parent volume mapped onto

slip systems in the ith slip mode inside the twin volume and ntot
j is the total number of slip
79

systems in the j th slip mode of the parent volume. The values of αij for Mg used in this
work are summarized in Equation 4.10, with prismatic, basal, 2nd order pyramidal ¡c+a¿
modes and debris corresponding to indices 1, 2, 3, and 4, respectively, as
⎡
⎤
0.3333̄ 0.3333̄⎥
⎢ 0.0
⎢
⎥
⎢
⎥
⎢0.3333̄
0.0
0.0 ⎥
⎢
⎥
⎥.
α=⎢
⎢
⎥
⎢0.6666̄
0.0
0.0 ⎥
⎢
⎥
⎢
⎥
⎣
⎦
0.0
0.6666̄ 0.6666̄

4.3.2

(4.10)

Parameters for Dissociation

The molecular dynamics simulations in the work of [53] suggest that the type of dislocation and its orientation relative to the advancing twin boundary play a signifcant role
in determining whether a given dislocation will transmute across the boundary or dissociate upon contact. In the simulations presented in this work, screw type basal dislocations
were allowed to transmute perfectly across tensile twin boundaries. Edge type dislocations
would either transmute across these twin boundaries or dissociate into twinning disconnections according to their orientation relative to the twin boundary, with positively oriented
dislocations transmuting across the boundary and negatively oriented ones dissociating.
The simulations presented in this work were conducted at relatively low strain regimes,
with  ≤ 0.25 for all simulations. As such, the following assumptions were made:
1. Dislocations from the prismatic, basal, and 2nd order pyramidal < c + a > modes
are assumed to transmute.
2. The incidence of screw type dislocations at low strain regimes is quite low. As such,
for the purposes of this work, it was assumed that the contributions to dislocation
density inside the twin volume fractions made by these types of dislocations were
negligible.
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3. Relative to twin boundaries, it was assumed that dislocations with positive and negative Burgers vector occur in equal measure.

Accordingly, the proportion of dislocation density for each mode dissociated at twin boundaries rather than transmuted is set at

ηprismatic = ηbasal = ηpyramidal = ηhigherorder = 0.5.

4.3.2.1

(4.11)

Parameters for Dislocation Generation and Twin Nucleation and Propagation

Simulations from the work of [83] were taken as a baseline for the presented work, and
parameters for the constitutive laws governing dislocation generation, drag stress, normalized activation energy, Hall-Petch effects, and critical stress values were taken from this
work. Transmutation effects were used in place of twin storage factor, reducing the latter
value to zero. The values of these parameters are summarized in Table 4.1.
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Table 4.1: Parameters for hardening evolution of slip.
Prismatic

Basal

Pyramidalhc + ai

2.0E+9

0.25E+9

2.0E+9

1.0E+7

1.0E+7

1.0E+7

0.0035

0.0035

0.003

10.0E+3

0.08E+3

30

11

50

χ

0.9

0.9

0.9

HP α

0

0

0

HP αβ

0

0

0

1

k1

/m

s−1

˙
gα
D0α
τ0α

MPa 3.4E+3
MPa

Table 4.2: Parameters for hardening evolution of twinning.
Tensil Twin

Compression Twin

τcrit = 15, τprop = 10

τcrit = 185, τprop = 185

HP β

0

0

HPTββW

0

0

C β1

0

0

C β2

0

0

C β3

0

0

τ0β

MPa
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4.3.3

Simulation

Experimental data from the work of [83] was utilized to establish a control data set
where possible. In the case where such data were not available, comparisons were made
to simulated results from the same work. In this work, rolled, pure magnesium with a
highly basal texture in the normal direction was subjected to uniaxial compression along
the normal and transverse directions, hereafter referred to as through thickness compression (TTC) and in-plane compression (IPC) directions, respectively. This was done in
order to capture the anisotropic mechanical behavior of textured magnesium, and, in particular, to motivate both scant and profuse twin volume growth. Shown in Figure 4.1, the
simulations presented in this work were performed along both TTC and IPC load paths on
polycrystals consisting of 1944 grains with a highly basal texture in order to recreate the
conditions under which the literature data was collected. The loading was conducted at
room temperature conditions, with a strain increment of Δ = 0.001, up to a total compressive strain of  = 0.25.

4.4 Simulation Results
4.4.1 TTC Load Path
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ND
(Z)

Through Thickness Compression
In Plane Compression
(TTC)
(IPC)

RD
(Y)

RD
(Y)

TD
(X)

TD
(X)

• Δε = 0.001
• εTOTAL = 0.25
• 1944 grains

Highly Basal Texture in Normal Direction

Figure 4.1: Simulated load paths and initial texture for simulations of rolled pure magnesium.
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Figure 4.2: Simulated and experimental mechanical response under TTC compression. (a)
Stress-strain. (b) Hardening rate vs. strain.
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As highlighted in fgure 4.7, the TTC simulations reproduced both the texture and hardening curves from the experimental literature data with good accuracy. Although the strain
softening observed in the experimental data at approximately  = 0.1 was not reproduced
in the simulation, capturing such behavior lies beyond the scope of the current work. The
simulated modal activity and evolution of twin volume fraction shown in Figure 4.3 both
followed trends seen in simulations utilizing twin storage factor effects, though tension
twin volume was somewhat under predicted relative to simulations utilizing the twin storage factor approach.
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Figure 4.3: Simulated slip and twinning activity under TTC compression compared to simulated results from [83]. (a) Simulated modal contributions vs. strain. (b)
Simulated twin volume growth vs. strain

From the literature, the texture in TTC simulations was not expected to change much
over the course of loading. This was evident in the simulations with the basal texture
remaining consistent throughout the compression loading.
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(a)

(b)

Figure 4.4: Comparison of simulated and experimental textures under TTC load conditions
at =0.09 . (a) Simulated (0 0 . 1) and (1 1 . 0) pole fgure. (b) Experimental
(0 0 . 1) and (1 1 . 0) pole fgures.
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4.4.2

IPC Load Path

The sigmoidal stress curve associated with a high incidence of twinning was successfully captured in the IPC simulations. The associated simulated hardening rate was reasonably similar to experimental data from the literature. These results are shown in Figure
4.5. Modal contributions to strain were nearly identical to simulation results from previous simulation literature as well. The growth of secondary compression twin volume
fraction did exceed that seen in simulations utilizing the twin storage factor approach, but
it is assumed that this can be neglected as the onset of compression twinning is, at higher
strains, associated with void nucleation along compression twin grain boundaries leading
to brittle failure. This fact was reinforced by the failure of the experimental control specimen coinciding with the formation of signifcant (> 10%) volume fraction of secondary
compressive twins within the primary twin volume.
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Figure 4.5: Simulated and experimental mechanical response under IPC compression. (a)
Stress -strain. (b) Hardening rate vs. strain.
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Textural evolution was shown to be consistent with experimental data from the literature, with high concentrations of orientations in the neighborhood of 90°from the normal
specimen axis. This type of reorientation is consistent with the high degree of tensile twinning.
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Figure 4.6: Simulated parent slip and primary twinning activity under IPC compression
compared to simulated results from [83]. (a) Simulated modal contributions
vs. strain. (b) Simulated twin volume growth vs. strain.
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Figure 4.7: Simulated twin slip and secondary twinning activity under IPC compression
compared to simulated results from [83]. (a) Simulated modal contributions to
strain vs. strain. (b) Simulated twin volume growth vs. strain.
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(a)

(b)

Figure 4.8: Texture comparison of simulated and experimental textures under IPC load
conditions at =0.12 . (a) Simulated (0 0 . 1) and (1 1 . 0) pole fgures. (b)
Experimental (0 0 . 1) and (1 1 . 0) pole fgures.
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4.4.3

Comparison of Approaches

As the evolution of yield stress and twin volume with strain of pure magnesium is
heavily anisotropic, it becomes necessary to consider a measure for “goodness of ft” of
simulated data along multiple load paths when evaluating the degree to which the transmutation model and the method for calibrating its parameters are validated. This measure
must also be extended to simulated data obtained from simulations utilizing the TSF model
in order to make truly meaningful conclusions regarding connections between the mechanical behavior resulting from artifcially increased dislocation density in twin grains and the
increased dislocation density resulting from transmutation effects. To this end the normalized mean squared error (NMSE) was calculated across the simulated strain subdomains
for which experimental data was available ( = 0 to 0.2 for TTC and  = 0 to 0.125 for
IPC). Summarized in Table 4.3, these values were calculated for both load paths and for
both modeling approaches.

Table 4.3: Normalized mean squared error for transmutation and TSF modeling approached.
NMSE
Transmutation (TTC) 5.7613%
TSF (TTC)

16.0268 %

Transmutation (IPC)

21.0105%

TSF (IPC)

16.7439 %
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For simulations of the TTC load path, the normalized mean squared error of the transmutation model is approximately 10% lower than that of the TSF model. In the IPC load
path simulations, the normalized mean squared error is roughly 5% higher. Taking both
of these comparisons into consideration, it can be concluded that while the transmutation
model does suffer from some loss of accuracy in IPC simulations compared to the TSF
approach, this loss is marginal at worst and more than offset by gains in accuracy in TTC
simulations. This conclusion is further reinforced when one considers that the TSF model
is a more empirical approach and, therefore, more limited than transmutation model by the
availability of sound experimental data to insure its predictive capabilities.

4.4.4

η Sensitivity

Although stress-strain curves, texture evolution, and modal activities were consistent
both with previous experimental and simulation work, further validation of the modeling
approach is necessary to conclude that predicted results are indeed the product of increased
dislocation density inside the twinned volume fraction of the simulated polycrystal.
In experiments and in simulations using both the TSF method and the method from the
current work, the saturation stress observed in the TTC and IPC load paths differs significantly by approximately 60 MPa. In order to confrm that the “gulf” observed between
the saturation stress levels of TTC and IPC simulations was in fact the result of increased
hardness due to higher dislocation density brought on by dislocation transmutation, additional simulations in which transmutation effects were deactivated were performed for
both load paths. This corresponds to simulations in which all of the dislocations dissociate
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upon reaching the twin boundaries, leading to dissociation parameter values of η = 1.0. In
these cases, the saturation stress levels for both TTC and IPC simulations were shown to
be nearly equal, at roughly saturation = 180 MPa. These results are summarized in fgure
4.9.
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Figure 4.9: Simulated stress-strain curves with a dissocation parameter of η=0.5 and dissociation parameter η=1.0. These values correspond to a state of active dislocation transmutation and a state of no transmutation, respectively.

As shown in Figure 4.10b, the dislocation density evolution in IPC simulations is consistent with the simulations of [83]. The dislocation density of the twin volume fraction
lies roughly in the range of twice that of the the dislocation density of the parent volume
fraction.
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Figure 4.10: Simulated dislocation density evolution. (a) Modal dislocation density vs.
strain. (b) Dislocation density for parent and primary twin volume fractions
vs. primary twin volume fraction.

The assumption that dislocations exist on the prismatic hai and 2nd order pyramidal
hc + ai was also put to the test. IPC compression was simulated under the assumption
that only basal dislocations would be allowed to transmute across twin grain boundaries.
Shown in Figure 4.11, stress levels after the onset of twinning were noticably underpredicted. While stress levels for simulations with only basal dislocations actively transmuting
were closer to approximating experimental stress levels than simulations in which no transmutation was activated, the relative similarities can be accounted for by acknowledging
that deformation by basal slip, and therefore basal type dislocation density, is signifcantly
higher than both prismatic hai and 2nd order pyramidal hc + ai in general. This is supported by observations of simulated dislocation density by mode, summarized in Figure
4.10a.
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Figure 4.11: Simulated IPC stress curve with transmutation active in the basal mode only.

4.5

Analysis and Conclusions
In summary, methods for simulating the effects of twin transmutation and dissociation

at twin grain boundaries was implemented in a visco-plastic self consistent framework in
place of more conventional approaches that utilize Hall-Petch effects, and used to simulate
uniaxial compression along multiple load paths in order to capture the behavior of magnesium under conditions which twin volume growth was both prefuse and sparse. The results
of these simulations were compared to both experimental data and simulated data from
previous approaches. The results permit highlighting the following points:
1. In place of Twin Storage Factor and Hall-Petch effects, a model for dislocation and
twin boundary interactions was implemented. These methods and parameter selections were used to simulate the behavior of pure, basal textured, rolled magnesium
subjected to uniaxial compression along (TTC) and perpendicular to (IPC) the dominant c-axis of the texture. The simulation results for stress, hardening, and texture
development were consistent with observed experimental results. Modal activity
and twin volume growth were largely similar to simulation work performed using
the TSF approach.
95

2. The large difference between the saturation stress of the simulated IPC and TTC load
paths was confrmed to be the result of transmutation effects included in the model
by disabling the contributions of transmuted dislocations to the dislocation density
of twin volume fractions.
3. It can be stated that Hall-Petch effects cannot be assumed to be the sole or even
primary source of twinning induced anisotropy in the mechanical behavior of pure
magnesium.
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CHAPTER V
CONCLUSIONS

The work presented in this dissertation included the simulation of two twinning polycrystal materials, TWIP steels and pure magnesium, using self-consistent and, in the case
of TWIP steels, fully constrained methods. These were done in order to investigate by
simulation, the mechanical intersectionality of twin volume growth, textural development,
grain boundary interactions, and mechanical hardening in heavily twinning materials.
In the frst task, a method for the simultaneusly consideration of the growth multiple
twin variants and their effects on texture evolution was developed and implemented in
VPSC-7 and the self-consistent code developed at LEM3 at the Université de Lorraine.
This twin volume transfer scheme was applied to simulations of hot rolled TWIP steel subjected to 90°ECAP on route Bc. Twin volume was controlled though the implementation of
a disorientation driven attenuation in the consitutive function defning twin volume growth
for each twin variant. In the case of the self-consistent code of LEM3, a Bronkhorst type
hardening model was applied to capture the strain hardening behavior of the material. In
VPSC-7, the Voce hardening law was applied with separate sets of hardening parameters
assigned to parent and twin grains in order to capture mechanical behavior resulting from
the interactions between parent grains and their relatively rigid twins. Simulation results
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were generally consistent with experimental data with Taylor assumptions yielding the best
results.
The interactions of slip dislocations with advancing twin grain boundaries and their effects on the strain hardening of pure magnesium were investigated in the second task. The
dislocation density based hardening model of [11] was modifed to consider the effects
of dislocation transmutation across and dissociation at advancing twin grain boundaries
on the mechanical hardening of rolled magnesium magnesium with a highly basal texture
subjected to compression both parallel and perpendicular to the c-axis. This was done by
incorporating a modifed approach of [55] with the correspondence method developed by
[14] and later adapted by [80] and [81] a dissociation parameter, η. Constants associated
with transmutation and dissociation were assigned based on observations from molecular
dynamics simulations of (cite El Kadiri and Barret) and the application of the correspondence method, and hardening parameters for the dislocation density based model were
adopted from the work of [83]. All modeling parameters and constants were assigned a
priori, without performing ftting to experimental data prior to simulation. The simulations
yielded good agreement with both experimental data and previous simulation work without
the need Hall-Petch effects.

5.1

Contributions

Recalling from the beginning of the dissertation, the aim of the work presented herein
was to answer the following research questions:
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1. To what extent does the simultaneous inclusion of the contributions of mulitple twin
systems to textural evolution affect the ability to simulate and predict texture evolution in twinning polycrystals? Can these methods be used to supplement current
approaches utilizing twin variant selection?
2. Does dislocation transmutation motivate hardening behavior in heavily twinning materials? If so, to what extent? Is there suffcient evidence to suspect that twin grain
hardness due to transmutation effects acts as the primary driver of polycrystal materials in which it occurs or does it supplement Hall-Petch driven hardening?
3. What steps might be employed that reduce the reliance on empirically based methods
used to “ft” modeling data to prexisting data?
Task 1 illustrated that methods based on a comprehensive view of all twin variants and
their contributions to texture evolution can be used to predict texture evolution without
the need for arbitrary twin variant selection criteria in the case of TWIP steel subjected
to severe plastic deformation. By application of disorientation driven twin volume growth
attenuation, the TVT scheme presented in this task also highlighted the need to consider
the relative orientations of parent grains and their twins not just at the time of rerorientation, but also as the twins themselves develop into somewhat indpendent grains. The
comparison of fully constrained to self-consistent approaches provided evidence that twinning microstructures in TWIP steel contribute to the enforcement of strain compatibility
within a parent grain.
Task 2 showed that dislocation transmutation may have a substantial effect on the hardening behavior of polycrystal magnesium. Not only that, but transmutation may potentially inform the majority of hardening contributions associated with the incidence of twin
boundary migration, thereby supplanting Hall-Petch type effects.
Taken together, the information gleaned from the results of both tasks suggest that
substantial room lies open for improving the predictive capacity of current modeling ap99

proaches, specifcally self-consistent methods, when applied to simulating the behavior of
bulk material simply by more fully incorporating existing knowledge of lower length scale
behaviors into the implemented constitutive relations. In doing so, it may be possible to
reduce the reliance on emprically based ftting approaches thereby reducing the amount of
time it takes to develop new simulations while simultaneously helping to better guide our
understanding of the materials in question.

5.2

For Further Research

The methodology presented in Task 1 leaves open the possibility for continued refnement. At the time of writing, this method has only been applied to the problem of
simulating the ECAP of TWIP steel, which is to say, it has only been tested on a narrowly
defned strain regime when applied to a material with a high degree of symmetry and a
very specifc microstructural geometry. Validation of the model should continue at lower
strain regimes and differing rates. Additionally, it becomes necessary to consider its application to twinning materials with lower crystal symmetries, specifcally HCP materials
like magnesium and titanium. Such simulations could certainly defne the outer boundaries
of the problem space of application as the twinning observed in these materials is likely to
exhibit a radically different set of behaviors. How then, for instance, would twin volume
growth attentuation play a role in grains where twin volume growth is dominated not by the
nucleation of new twin grains as it is in TWIP steels, but by the migration of twin boundaries as it is in magnesium? In cases such as these, twin volume fraction rapidly overtakes
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that of the parent grain, begging the question as to the validity of applying disorientation
driven attenuation in such instances. This leads to further questions about what dislocation
level characteristics give rise to grain boundary migration, or the lack thereof, in twinning
materials?
For Task 2, one is forced to acknowledge the limiting nature of studies based purely on
modeling and simulation methods, and so one is forced extend the work presented herein in
an effort to further validate the fndings. Two obvious methodological approaches for validation, both experimental and computational, present themselves at this time. Foremost
among these approaches are experimental methods to verifying the differences in dislocation densities between twinned and untwinned regions of polycrystal magnesium. At
present, the yet unpublished work of Zilahi, Toth, Ungar, and Ribarik developed a method
for experimentally differentiating between twinned and untwinned volumes and calculating their respective dislocation densities using synchrotron measurements and applied it to
calculating the dislocation densities twinned and untwinned grains of rolled AZ31. Once
reviewed and published, this method represents a promising way to experimentally validate
the current work. Until such time as this method becomes available for broader application,
other experimental methods might be employed. Electron Channeling Contrast Imaging
(ECCI) has been used to identify dislocation cells and mechanical twins in TWinning Induced Plasticity (TWIP) steals subject to tensile loading [38], and such an approach might
be extended to magnesium. An observed build up of dislocation cells inside of observed
twin grain boundaries would certainly support the fndings of the presented work.
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Extending the presented simulation approach to additional load paths and/or materials might provide limited validation as well; at the very least shedding some light on the
bounds of predictive value that this model provides. Current limitations and foundational
assumptions might not be suffciently challenged in doing so, however, thereby calling into
question the veracity of validation attempts based on such approaches. The substitution of
known physical quantities for empirically ftted or assigned parameters in constitutive relations could support the fndings of this work, however, as shrinking the ratio of empirically
ftted parameters to experimentally observed values reduces the amount of uncertainty regarding the modeling approaches for the underlying physical phenomena. One such candidate for this tactic would be to adopt the approach for modeling the effects of self and
latent hardening of Lavrentev [62]. By redefning the contributions of forest dislocations
to CRSS in the context of the dislocation density based hardening model of [11] by using
the shear modulus of the given mode, G, to the form
τfαorest (ρα ) = µ

X

√
bαi Gi χi ρα

(5.1)

i

so as to differentiate the contributions of interactions across the combinations of paired
slip modes α − i, the single value of χ could be replaced with the values experimentally
observed in [62].
The fnal, and likely most obvious avenue for further studies is the development of a
comprehensive modeling approach that incorporates the approaches of both Task 1 and
Task 2. The fact that brittle fracture is associated with the intersection of multiple tension
twin grains in magnesium heavily suggests that any approach which considers more than
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one twin variant could yield signifcant gains in predictive capability when information
from mesoscale methods could be embedded in higher length scale continuum approaches
for simulating components.
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A.1

Parameters for Dislocation Density Based Hardening

Constitutive equations for twin hardening evolution in [11]:

t
k
+ τslip
τct = τ0k + τHP

t
τHP

⎧
⎪
HP k
⎪
⎪
⎪
⎨ p no twinning or when t =predominate twin system,
dg
=
⎪
kk0
⎪
⎪ HP
⎪
6 predominate twin system.
⎩ p s , when t =
dmf p

k
τslip
=µ

X

C ik bk bi ρi

i

Table A.1: Parameters for hardening evolution of twinning.
Tensile Twin

Compression Twin

τcrit = 15, τprop = 10

τcrit = 185, τprop = 185

HP β

0

0

HPTββW

0

0

C β1

0

0

C β2

0

0

C β3

0

0

τ0β

MPa
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